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Abstract 
Creep degradation of steam carrying vessels in the power generation industry is a 
concern that needs to be constantly monitored. The Weldcore ® process has been 
earmarked as a potential method of creep sampling which will allow for thick-
walled sections to be analysed. A component of the process involves plugging the 
resultant hole after removing a creep sample using a novel welding technique 
called friction hydro pillar processing. At the commencement of this study, 
insufficient data was available to warrant safe industrial application of the process. 
This research was conducted to evaluate the performance of 10CrMo910 friction 
hydro pillar process welds. The effects of downward force, stud taper angle, hole 
taper angle and hole base diameter on process response, defect population, static 
properties and dynamic performance were evaluated.  
The variation of downward force showed that higher forces produce significantly 
smaller defects and higher fatigue life. The occurrence of defects was linked to 
process parameters and geometry thereby identifying the correct parameters for 
safe use in the power generation industry. Flash formation was identified as an 
early indicator of weld defects and can assist with quality control in industrial 
applications. Methods of standardising the plunge depth and forge force were 
developed to identify the correct magnitudes for different geometries, without the 
need for testing. Defects were shown to populate specific regions of the weld and 
produce variations in fatigue life. Crack initiation sites were detected which will aid 
in identifying areas of focus in further research and development. Temperature 
measurements were linked to the occurrence of defects and crack initiation sites 
and have been identified as a method of identifying defective welds. 
 
 
The effects of process parameters and stud and hole taper angles on energy 
inputs and near interface temperatures were statistically evaluated. Downward 
force was shown to have the largest effect on energy input rates, total energy input 
and temperatures at the 11.5mm and 20.5mm positions. Smaller hole and stud 
taper angles produced lower energy inputs and were identified as more energy 
efficient than the larger taper angles. A regression model was also developed to 
predict the fatigue life of welds and can assist with critical process related decision 
making. 
A range of hole base diameters were identified which produced welds with low 
defect populations and fatigue performance similar to that of the parent plate. 
Larger hole base diameters were shown to produce significant defects along the 
hole bottom fillet, in the weld nugget and along the bond line. Temperature 
measurements of the larger diameter welds showed a delay in response and are 
attributed to a delayed contact of plasticised stud material with the sidewall. Welds 
with hole base diameters larger than 11mm produced unrepeatable and defective 
welds, and also required higher energy inputs making smaller diameters more 
desirable. 
Analysis of all welds in this study revealed that clearance and interfacial pressures 
characterise the quality of friction hydro pillar process welds, therefore models 
were developed to aid in critical decision making with respect to downward force 
and geometry. This study has successfully evaluated the effects of process 
parameters and geometry on the properties of friction hydro pillar process welds 
and thereby has increased understanding of the process.  
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GLOSSARY OF TERMS 
Glossary of Terms 
Alloying element: Elements added to metals to achieve desired material 
properties. 
Bond line: Interface where diffusion bonding takes place between the plasticised 
stud material and the sidewall of the hole. This is usually along the surface of the 
hole being filled. 
Braking phase: Sudden increase in torque response as rotation of consumable 
tool slows from full welding speed to a stop. 
Burn-off: Previous term for plunge depth. 
Creep: Material phenomenon where voids form at the grain boundaries of metals 
subjected to constant stress at high temperature thereby weakening the material. 
Downward force: Axial force applied during rotation of FHPP welds. 
Fatigue: Localised progressive structural damage of a material under cyclical 
loading which can lead to failure. 
Flash formation: Excess plasticised material ejected during friction welding (see 
Primary flash and Secondary flash).  
Forge force: Axial loading of consumable stud after rotation has halted to 
consolidate the hot plasticised material of a friction weld. 
xx 
 
Friction Hydro Pillar Process: Friction welding process whereby a consumable 
stud is rotated concentrically inside a blind hole under axial load thereby filling the 
hole and creating a strong bond with the parent plate. 
Friction Stir Welding: Solid-state welding process whereby abutting parts are 
joined together by rotating a non-consumable tool along the interface. 
Frictional interface: Interfacial region between consumable and substrate in 
friction welding where heat is generated during rotation. 
Hole base diameter: The dimension of the flat surface at the bottom of the hole 
which does not include the fillet. 
Hole fillet: The rounded edges at the bottom of a blind hole used in FHPP 
welding. 
Hole taper angle: The included angle of a conical hole used in FHPP welding. 
Inclusion: A typically non-metallic particle found in metals which often has 
detrimental effect on its mechanical properties.  
Plasticised material: Material that is displaced when its yield strength is 
exceeded and cannot return to its original form. 
Plunge depth: Axial feed distance of consumable stud in Friction Hydro Pillar 
Processing. 
Primary flash: Plasticised stud material which is ejected above the hole during 
rotation and in turn plasticises the parent material around the hole (see Secondary 
flash). 
xxi 
 
R-ratio: The ratio of loading during cyclical fatigue testing often defined as the 
minimum stress divided by the maximum stress, or alternatively as strain. 
Residual stress: Inherent stress of a material that exists due to its processing 
history. 
Rolling direction: Orientation of elongated grains which are aligned parallel to the 
feeding direction of stock being rolled during manufacture.  
Rotary drive friction welding: Rotary welding process whereby two round bars 
are joined by heat generated by their relative motion under axial loading. 
Secondary flash: Parent material surrounding the hole which is displaced by 
plasticised stud material during friction hydro pillar processing and is ejected 
above the hole (see Primary flash). 
Sidewall: The surface of the hole along which bonding usually takes place during 
FHPP welding. 
Stress amplitude: The difference in stress between the maximum, or minimum 
stress, and the mean stress for fatigue testing.  
Stud taper angle: The included angle of a consumable stud used in FHPP 
welding. 
Torque stages: The trends of torque responses which are a measure of the 
resistance to rotation and have identifiable phases. 
Ultimate Tensile Strength: Maximum stress that a material can withstand before 
failure occurs. 
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CHAPTER 1: PROJECT DESCRIPTION 
1.1 SOUTH AFRICAS AGING POWER GENERATION 
INFRASTRUCTURE 
 
Eskom Holdings Ltd is a South African public utility and is the country’s primary 
electrical power supplier. Established in 1923 as the Electricity Supply 
Commission (ESCOM), Eskom is today Africa’s largest producer of electricity. 
Owing to preparation for privatisation in the late 1990’s, many central plant 
maintenance programmes were discontinued [1] and no budgets were allocated for 
new power stations. This has created a situation where the existing coal and 
nuclear power stations have had to be run for periods longer than their designed 
lifespans. Coal fired power stations constitute about 85% of Eskom’s total 
generation capacity as of March 2012 [1]. The contracted lifespan for these 
stations, as per either the Technische Regeln für Damfkessel (TRD) or British 
Standards (BS), is between 100 000 and 200 000 hours [2]; however most are 
currently operating well beyond this threshold as shown in Figure 1-1. Therefore 
maintenance and damage assessment have become critically important for 
preventing catastrophic failure and excessive downtimes. One of the most 
detrimental damage mechanisms affecting high pressure steam-carrying 
components is creep damage; therefore creep sample extraction is of utmost 
importance. Creep occurs when a material is subjected to constant stress at high 
temperature. This permanently deforms and weakens the material.  Thick-walled 
steam carrying pipes constitute the greater portion of such components and this 
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includes welded pipe joints where the Heat Affected Zone (HAZ) tends to be the 
most prone to creep e.g. [3]. 
 
Figure 1-1: Comparing boiler plant age and contracted design life (mid 2012) 
[1]
 
 
1.2 CURRENT METHODS OF CREEP SAMPLE EXTRACTION 
AND ANALYSIS 
Creep sampling can be achieved by both non-destructive and destructive test 
methods. A well-used non-destructive method involves casting replicas of the 
outer wall where the void densities are quantified and the components are 
analysed by means of damage models which were developed by Van Zyl of 
Eskom [4]; however this does not provide information of the entire cross section 
and is usually used only as an initial canvassing method. Another non-destructive 
method is an on-line monitoring technique which utilises specialised high 
temperature capacitive strain gauges in combination with strain models [1].  
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Usually, to obtain through thickness samples, a section of pipe has to be removed 
and a replacement pipe welded into position. This method is costly, time 
consuming and sometimes unnecessary. Creep resistant pipe material is of a high 
grade, usually imported from Germany, and therefore expensive. Pipe sections are 
replaced during scheduled downtimes which are time consuming and require 
highly skilled coded welders and in some cases are replaced prematurely due to a 
lack of information about the extent of creep damage before removal.  
Another option is to remove a large cylindrical sample radially through the pipe 
section. A plug is then inserted and fusion welded into the hole. This method is not 
desirable because the structural integrity of the pipe is not fully recovered [5]. 
Other alternatives of creep sampling termed small specimen creep testing include 
sub-size uniaxial creep testing [6], impression creep testing (IC) [7] [8] [9] and small 
punch creep testing (SPC) [10] [11] [12] [13] [14]. All of these methods require relatively 
small samples which can be extracted without removing excessive material and 
are known as semi-destructive. They allow for easier extraction without the need 
for full penetration excavation, and in some cases the resultant repair is minimal or 
not required.  
1.3 CORING AND PLUGGING BY FRICTION HYDRO PILLAR 
PROCESSING AS AN ALTERNATIVE SAMPLING AND REPAIR 
METHODOLOGY 
A novel method of creep sample extraction has been earmarked to replace the 
above traditional methods. Figure 1-2 shows the various steps of the Weldcore ® 
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process. A specialised tapered cutter with a 7mm hole is used to machine most of 
the tapered hole up to a depth of about 23mm (Figure 1-2a), leaving a cylindrical 
core behind which is then extracted from the pipe wall (Figure 1-2b). The intended 
application is for 40mm pipe wall thickness, where the core sample represents 
about 60% of the entire thickness, but can be used for any wall thickness greater 
than about 25mm as long as the hole depth is not too deep to allow for sufficient 
backing during plugging. The tapered hole is then reamed using a tapered tool 
with a flat base (Figure 1-2c) to prepare for plugging which is performed by using a 
relatively new friction welding process known as friction hydro pillar processing 
(FHPP) (Figure 1-2d). The protruding stud is then removed and the excess 
material is dressed back to the original surface (Figure 1-2e). Owing to the size of 
the creep core sample, this method of sample extraction can only be used for void 
counting methods and small specimen creep testing methods. 
Friction hydro pillar processing (FHPP) is a variant of other friction welding 
processes, such as rotary drive friction welding (RFW) e.g. [15], friction stir welding 
(FSW) and many others as described by Nicholas [16], and was developed by The 
Welding Institute (TWI) in the early 90’s [17] [18]. The process is depicted in Figure 
1-3. The basic mechanism behind friction welding processes is heat generation by 
means of frictional rubbing between two or more parts causing heat softening of 
one or more of the materials. This in turn causes material plasticisation and allows 
for joining of the parts creating a strong bond. One of the main advantages of 
friction processes is that large-scale melting of the material is not reached [19]; 
improving the material properties by inducing lower residual stresses [20]. Friction 
welding is therefore seen as a solid-state process [21].  
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Figure 1-2: Schematic of the coring and plugging process on a pipe section by friction 
hydro pillar processing 
 
 
Figure 1-3: FHPP process at different stages of completion 
 
a) 
b) 
c) 
e) 
d) 
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1.4 PROPOSED RESEARCH METHODOLOGY AND OUTCOMES 
FOR INCREASING KNOWLEDGE AND CONFIDENCE IN FHPP OF 
10CrMo910 CREEP RESISTANT STEEL 
The important factors governing FHPP welds are downward force, rotational 
speed, plunge depth and the geometry of the stud and the hole (see Section 
2.4.1.2 on process parameters). At the commencement of this research in early 
2009, little information was available on the effect of geometry and process 
parameters on the integrity of FHPP welds in 10CrMo910 creep resistant steel. 
Wedderburn [5] from the Nelson Mandela Metropolitan University (NMMU) had, at 
that point in time, a measure of success with the development of an appropriate 
process window. The original adopted geometry utilised a stud taper angle of 15° 
and a hole taper angle of 20° as shown in Figure 1-4. A matrix of FHPP tests with 
a downward force window of between 5kN and 20kN showed that a minimum 
force of 15kN is required to produce a satisfactory weld. The force capacity of the 
platform used was about 40kN but motor stall occurred when a downward force of 
25kN was used. These stalling issues were subsequently eradicated and since the 
narrow force range of this work would only give a limited indication of the effects of 
force, more scope for process parameter development was possible and indeed 
required. Previous work conducted on AISI 4140 medium carbon steel showed, for 
a similar geometrical configuration, that downward forces between about 9kN and 
19kN (for a total range of about 9kN to 28kN) gave the best static strength. Based 
on this work, it was initially assumed that a similar force range would give 
satisfactory results for 10CrMo910 steel; however this was not the case as will be 
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shown in Chapter 4. Therefore the first objective of this research would be to 
establish a process window which would consistently give defect free FHPP welds. 
 
Figure 1-4: Geometry of stud and hole that was used initially for research at the NMMU 
As will be discussed in Section 2.4.1.3, there is currently little useable information 
on the effect of geometry on the quality of FHPP welds. Also, it is believed that 
different steel alloys react differently to changes in geometry, so whichever 
combinations work for a specific alloy would not necessarily work for another. 
FHPP shares many characteristics with forging processes. The hot plasticised 
stud material is forged into the recesses of the hole during rotation. Similar to 
forging, alloying elements affect the flow stresses of the forged material and hence 
have an effect on the quality of FHPP welds. The second objective is therefore to 
determine the effect of geometry specifically for 10CrMo910 steel alloy. However, 
it is also hypothesised that different process parameters would have different 
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effects on alternative geometries. Therefore, the interaction between geometry 
and process parameters would have to be investigated.  
Another vacant area of knowledge is the fatigue properties of FHPP welded joints. 
Fracture toughness of the join line has been the focus of some work conducted by 
Chludzinski et al [22] but as of yet, nothing is known about their fatigue properties 
which is one of the critical tests regarding joint properties. If FHPP joints can 
exhibit superior or at least comparable fatigue strengths to that of conventional 
fusion welding techniques, such proof would go a long way towards advancing the 
cause for uptake of the process. 
Process responses such as torque and weld temperatures have been shown to 
add significant value when attempting to understand the mechanisms behind 
FHPP welding. Some work has been conducted at the NMMU on the torque 
responses of FHPP welds [20] [23] [24] [25], which have revealed a significant amount 
of information regarding the mechanisms of the process. The practical implications 
of this information become apparent when specifying the power characteristics of 
the spindle motor, as the cost can become prohibitive, especially with servo 
motors which provide the best control and can influence the weld quality. The 
equipment intended for this type of site work is also portable, therefore the size of 
the servo motor is important as it will influence its weight and size. Torque 
responses can potentially also be used for quality control and for approximating 
energy input [26], which is useful when comparing FHPP to conventional welding 
techniques. The near interface temperatures have also been shown to be useful 
when analysing the effects of weld variations such as process parameters [20] [23] 
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and weld geometry [27]. Both of these dependant variables will therefore be 
recorded. Based on all of the above, the research methodology of the research 
contained in this thesis is shown in Figure 1-5.  
 
Figure 1-5: Research methodology 
 
1.5 PROBLEM STATEMENT 
At present, there is limited scientific information on friction hydro pillar processing 
related to fatigue properties which prohibits its full industrial exploitation. This can 
become a competitive repair procedure for the power generation and petroleum 
industries. 
1.6 SUB-PROBLEMS 
Sub-problem 1: 
 The availability and extent of information on FHPP is not known.  
Sub-problem 2: 
Develop welding 
platform 
Identify relevant 
parameter variations 
Identify relevant 
geometrical variations 
Develop plunge depth 
and forge force 
standardisation 
methods 
Identify appropriate 
tensile and fatigue 
testing methodology 
Weld testing 
Weld analysis 
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 No method exists to accurately estimate the equivalent plunge depth 
length for different geometries. 
 No method exists to estimate the equivalent forge force for different 
geometries. 
Sub-problem 3: 
 The complete downward force window has not been established for 
steels.  
Sub-problem 4: 
 Little information exists about the influence of geometrical attributes on 
defect population and bonding. 
 The relationship between process parameters and geometry is 
unknown.  
 A weld matrix with process and geometrical variables needs to be 
developed. 
Sub-problem 5: 
 Weld tests with variable downward force and geometry need to be 
performed to determine the relationship with dynamic response. 
Sub-problem 6: 
 The relationship between process parameters, tool geometry, process 
responses and fatigue properties needs to be characterised. 
1.7 HYPOTHESIS STATEMENT 
Geometrical attributes will influence through thickness static and cyclical material 
strength creating a variation in weld behaviour. This research will contribute to 
understanding the relationship between geometry, plunge depth, downward force, 
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torque response, temperature, defect population, and static and dynamic 
performance. This will aid decision ability by quantifying the influence of process 
variables on final weld properties. 
1.8 SUMMARY 
Creep degradation of steam carrying components is a major problem facing the 
power generation industry. A coring and plugging methodology called the 
Weldcore ® process has been identified as a technique that can be utilised to 
extract creep samples from thick-walled components. Plugging is achieved by the 
novel friction hydro pillar process (FHPP) method. Areas of vacant knowledge 
regarding FHPP welding have been determined and the work in this study aims to 
generate information which will increase our understanding of the process. 
Process parameters and weld geometry have been identified as important factors 
that influence the integrity of FHPP welds and will be the focus of tests conducted 
in this work. 
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CHAPTER 2: LITERATURE SURVEY 
AND PROCESS APPLICATIONS 
2.1 INTRODUCTION 
To better understand the problems facing the power generation industry, research 
was conducted on methods of creep testing, some of which may be used in 
conjunction with core sampling as per the Weldcore ® method. A survey of friction 
welding was conducted with special attention being given to friction hydro pillar 
processing (FHPP), although rotary drive friction welding (RFW) was also 
researched because of the similarities with FHPP welding. Attention was given to 
geometry, process parameters, process responses and materials considerations. 
2.2 10CrMo910 HIGH STRENGTH LOW ALLOY CREEP 
RESISTANT STEEL 
10CrMo910 (2.25Cr-1Mo) creep resistant steel is widely used in the power 
generation industry all over the world. Although it is slowly being phased out by 
more modern steels such as X20CrMoV121, Eskom’s existing power stations were 
built in the second half of the 20th century when 10CrMo910 was a staple material 
in high temperature, high pressure applications and is still widely used today. 
According to the Electric Power Research Institute (EPRI) [2], 10CrMo910 is a 
specialised low alloy steel which falls under the group of Grade 22 low alloy steels. 
It is primarily used in applications where strength is required at high temperatures, 
because of its oxidation and creep resistance due to the addition of chromium and 
molybdenum. These include high pressure boilers, superheaters, drying ovens, 
air-preheaters, incinerators and heat exchangers. 10CrMo910 has been 
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standardised in various countries for half a century [28]. Its available forms include 
tubes, pipes, forgings, castings, bars, rods, plates and sheets. 
2.3 CREEP DEGRADATION MONITORING METHODS 
Creep is a material phenomenon that occurs when a component is subjected to 
tensile stress at high temperatures for long periods of time. Voids form at the grain 
boundaries which eventually link together by intergranular cracking, ultimately 
causing failure. Figure 2-1 shows a typical creep strain curve with three distinct 
stages. The initial creep strain rate is rapid in the primary stage but slows 
significantly and becomes relatively constant during the secondary stage and this 
strain rate is termed the minimum creep rate of the material. At the onset of the 
tertiary stage the creep rate accelerates which means that the identification of this 
stage is of utmost importance for preventing catastrophic failure in high 
temperature components.  
 
Figure 2-1: The different stages of creep 
[29]
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Currently there are various methods available to quantify creep degradation of 
high temperature components. These methods range from classical methods such 
as void density quantification and conventional uniaxial creep testing. Other 
relatively new or unknown methods include capacitive strain gauge monitoring and 
small sample testing methods such as sub-size specimen, impression creep, small 
punch testing and grain orientation methods. 
2.3.1 CREEP VOID DENSITY QUANTIFICATION 
Creep void counting is a technique that has been around for a number of years 
and is a widely accepted technique. Van Zyl of Eskom [4] introduced damage 
models in the late 1980’s in conjunction with surface replication techniques. Owing 
to the fact that creep is a thermo-physical mechanism, creep voids are evident on 
the grain boundaries which are quantified as a ratio of the number of voids per 
section of area [1] [2] [30]. Figure 2-2 shows the site of a pipe weld with a typical 
micrograph showing creep voids on grain boundaries evident under an optical 
microscope [2]. One of the disadvantages of void density quantification though, is 
that the counting of voids is somewhat subjective and may vary between 
laboratories and technicians. Other methods of extracting samples for void 
counting from high temperature components include scooping of discs from the 
outer pipe (Figure 2-3) and extracting samples from a removed section of pipe.  
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Figure 2-2: a) Site of pipe weld replica, b) appearance of creep voids using an optical 
microscope observed as dark spots on the grain boundaries 
[2] 
 
 
 
Figure 2-3: Example of scoop removed from the surface of a component with a disc to be 
tested by small punch creep test 
[14]
 
2.3.2 CONVENTIONAL CREEP TESTING 
Conventional creep testing, also known as uniaxial creep testing, is a well-known 
and widely accepted method of quantifying bulk creep degradation and is covered 
by various standard testing methods e.g. [31]. Typically, round specimens with 
reduced sections are loaded under a constant force at elevated temperatures. 
Various researchers have published work on 10CrMo910 (2.25Cr-1Mo) [32] [33] [34] 
[35]. 
b) a) 
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Unfortunately, conventional creep testing is not viable for testing of high 
temperature components in facilities such as power stations. One of the main 
reasons for this is that large specimen sizes are required, typically around 50-
100mm, which effectively means that it is a destructive testing technique. Also, in 
cases where localised regions need to be tested, such as with the Heat Affected 
Zone (HAZ) of structural welds, the samples are too large to extract meaningful 
information. 
2.3.3 CAPACITIVE STRAIN GAUGING 
Eskom introduced the use of high temperature capacitive strain gauges in 1996 [1]. 
This method is similar to strain gauging of components whereby the gauge 
measures the strain induced by external loading. The capacitive reactance across 
the gauge is directly proportional to the change in gap length, which is then 
converted to strain. In this case, the strain measured is due to creep induced 
displacement. Capacitive strain gauging is usually used after suspect components 
have been identified and cannot be replaced immediately. The strain accumulation 
is closely monitored by specialists, which will assist critical risk management 
decisions. Initial canvassing is done by replication techniques as shown in Figure 
2-4 (damage model). Strain gauging methods are then used which have limits that 
are closer to the total life fraction of the component (strain model). 
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Figure 2-4: Damage and strain models as they are applied to total life fraction 
[36] 
2.3.4 SUB-SIZE SPECIMEN CREEP TESTING 
Sub-size uniaxial creep testing is essentially no different from uniaxial creep 
testing, except for the size, however, the bulk creep properties can still be 
determined [37]. The main advantage is that this method is less destructive and 
samples can be removed without fully compromising the structural integrity of the 
sampled component. This creep testing method can be used in conjunction with 
the Weldcore ® sampling method. 
2.3.5 IMPRESSION CREEP TESTING 
Another creep testing option called impression creep (IP) or indentation creep 
testing involves plunging an indenter into the surface of a small flat sample under 
a constant load at a constant temperature as shown in Figure 2-5 e.g. [7] [8] [9]. Due 
to the creep damage accumulation the indenter constantly sinks into the material 
at a relatively constant rate. Mathematical models are then used to convert this 
data into strain rates so that the results can be compared to conventional test 
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results. Unfortunately, only primary and secondary creep data can be extracted so 
the onset of tertiary creep, which is critical in approximating residual lifetimes, is 
difficult to determine.  
 
Figure 2-5: Schematic of an impression test 
[9] 
 
2.3.6 SMALL PUNCH CREEP TESTING 
A relatively new creep test method which is gathering momentum is the small 
punch creep test (SPC) [10] [11] [12] [13] [14]. Typically discs ranging from Ø3-10mm and 
0.25-0.5mm thick are stretched using a ceramic ball under constant load and 
temperature as shown in Figure 2-6. Through mathematical and finite element 
analysis (FEA) modelling the stresses and strains of the sample can be estimated 
and compared to conventional uniaxial creep tests. The advantage of this method 
in terms of the Weldcore ® process is that it can be machined from a core sample 
so that numerous samples can be extracted at different depths and specific 
regions of a weld can be evaluated. The main issue preventing the uptake of this 
method is that there is currently no accepted test standard, although there is some 
work underway to establish such a standard [12]. 
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Figure 2-6: a) Schematic of small punch test 
[12]
 with actual test sample 
[38] 
 
2.3.7 METALLURGICAL GRAIN ORIENTATION METHODS 
A new alternative method involves using  a Scan Electron Microscope (SEM) or 
Transmission Electron Microscope (TEM) and the Electron Back Scatter 
Diffraction (EBSD) technique e.g. [39] [40] [41] [42]. Inverse Pole Figures (IPF) are used 
to calculate the mean block widths which are shown to increase with creep 
damage. Figure 2-7 shows a TEM micrograph with the block boundaries indicated 
in (a) with the relationship to the creep life fraction (b) [39]. At this stage the process 
is not standardised and requires further research but may become a viable option 
in the future. 
b) 
a) 
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Figure 2-7: An example of a) block boundaries visible using EBSD 
[39]
, b) relationship 
between mean block width and creep time fraction 
[39]
 
2.4 FRICTION WELDING 
Friction Welding is a generic term for a solid-state process whereby the action of 
rubbing two or more objects together under load generates heat and induces 
material plasticisation of the processed parts which produces a thermo-mechanical 
bond between them. According to TWI [16] there are many various types of friction 
welding as shown in Figure 2-8. 
Rotary drive friction welding (RFW) has to date been the most utilized process with 
the first patent granted in 1891 as reported by Crossland [15] but friction stir welding 
(FSW) has also been showing great popularity with a host of recent research 
conducted and commercial uptake steadily increasing. For example, Apple 
Incorporated are currently using FSW on their new iPad [43] while Boeing and 
NASA have also begun to use FSW for structurally important components [44] [45].  
Friction hydro pillar processing (FHPP) is starting to become more recognised in 
research but a lack of information regarding the effects of its parameters and 
geometries is hindering its full commercial potential. Another problem with the 
b) a) 
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process is that equipment is perceived to be bulky, which makes it difficult to use 
in on-site applications. 
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Figure 2-8: Variations of friction welding according to TWI 
[16] 
 
2.4.1 FRICTION HYDRO PILLAR PROCESSING 
Friction hydro pillar processing involves rotating a cylindrical stud concentrically 
inside a nominally larger blind hole. This may include parallel-sided or tapered 
configurations as shown in Figure 2-9. Rotation generates heat which moves up 
the stud and to the surrounding material. The temperature increases until the 
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pressure/temperature combination reaches the shear strength of the stud material 
and a layer of material shears off [23]. The resistance to axial forces decreases, 
forcing some of the displaced material out of the sides of the interface which 
results in a torque drop [15]. Various phases in torque have been identified as 
discussed in Section 2.4.1.4. The stud is progressively consumed as new shear 
layers form above the previous interface causing the frictional interface to move up 
the stud faster than the axial feed rate [21]. The consumption of stud material is not 
entirely even with varying shear layer thicknesses becoming detached from the 
stud body e.g. [27]. The thickness of each shear layer is dependent on the 
temperature profile, the cross sectional area (which increases with tapered 
geometries) and the local mechanical properties of the stud. As a layer is 
deposited, it cools and recrystallises, forming the base for the next shear interface, 
hence the term “hydro pillar”.  
 
 
 
Figure 2-9: a) Parallel-sided FHPP weld 
[17]
, b) tapered geometry FHPP weld 
[21] 
 
b) 
a) 
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However, not all of the displaced stud material is deposited below the new 
interface. Some of this hot plasticised material is displaced by the arrival of new 
stud material which is then swept away from the centre of the weld and is forced 
outwards and upwards, as depicted in Figure 2-10. The displaced material is still 
sufficiently viscous to exert hydrostatic forces radially onto the hole sides and 
axially onto previously deposited material, as described by TWI [17] [18] [21]. This 
stream of hot material comes into intimate contact with the sides of the hole [23], 
with some of the latent heat conducted to the secondary parent material 
surrounding the hole. A combination of this heat transfer and hydrostatic pressure 
softens and displaces some of the parent plate causing a secondary stream of 
displaced material. Under the correct conditions, atomic diffusion occurs between 
primary and secondary displaced material forming a strong bond. The excess stud 
material that collects above the top surface of the plate is termed primary flash 
while the displaced parent material surrounding the hole is termed secondary flash 
as shown Figure 2-10. 
 
Figure 2-10: FHPP weld 
[20]
 showing positions of primary and secondary flash and material 
flow 
 
Stud material flow 
Parent material flow 
Primary flash 
 
Secondary flash 
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The shear interface begins as a flat circular area but then becomes more conical 
or spheroid in shape e.g. [27]. This is due to the movement of hot plasticised 
material past the outer part of the stud above the shear interface which heats the 
periphery of the stud, therefore making it weaker than the center, which in turn 
causes shear to occur at the periphery first. Some of the material remains in the 
center of the weld instead of being forced outwards [15]. Towards the end of the 
weld as the interface reaches the top of the hole, it becomes flatter again as the 
plasticised material is ejected outwards instead of upwards. The transition of the 
shear interface is illustrated by Meyer [27] in Figure 2-11. Once rotation is halted, a 
forging force is maintained for a period of time which allows atomic diffusion 
bonding to take place between the two streams of material [46] thereby 
consolidating the material at the top of the weld. 
 
 
 
Figure 2-11: A series of FHPP welds showing the progression of the shear interface which 
starts out almost flat and becomes more conical as the weld progresses. As the interface 
approaches the top of the hole, it begins to flatten 
[27]
. 
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Large scale melting does not occur which reduces unwanted material 
characteristics in steel alloys such as hydrogen embrittlement, cracking and 
porosity, precipitate segregation, gas absorption and atmospheric contamination 
[47] [48]. Some authors have reported localised melting but supposedly hot working 
eliminates any evidence thereof [49] [50] [51] [52]. This apparent lack of melting also 
reduces volume changes and hence residual stresses and distortion. 
Recrystallisation of the plasticised material causes a fine-grained microstructure, 
which results in good toughness properties [18] [26] [47].  
FHPP has been used on a variety of materials; various steel alloys (including low 
alloy construction steel [53] [54], medium carbon steel [20] [23], high strength low alloy 
steels [25] [27] [47] [55], C-Mn steel alloys [22] [56], and stainless steel [55] [57]), magnesium 
alloys [58] and aluminium alloys [59] [60]. According to Pinheiro [58], the important 
factors governing all friction welding processes include: heat generation through 
friction and abrasion, heat dissipation, plastic deformation, and atomic 
interdiffusion. Practical considerations such as the amount of surrounding material 
(size of heat sink), surface finish and material surface films also have an influence 
[61]. In addition, heating changes material properties such as specific heat, heat 
conductivity and friction coefficient [27], all of which make prediction models 
complicated [58]. Prospective materials need to be forgeable which eliminates 
certain materials [62]. All of these factors are likely to affect FHPP and must 
therefore be considered. 
FHPP was first introduced by The Welding Institute (TWI) in 1992 as a method of 
riveting plates together, defect repair, filling incorrectly drilled holes or as a 
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mechanical locking device [17]. Included was the potential for the process to be 
used underwater, which was later separately proved feasible by Ambroziak and 
Gul [53] and Perrett and Sketchley [55]. The following year TWI proposed alternative 
applications where FHPP welds would be overlapped, either in a straight line or in 
staggered arrangement, to form a continuous bond [18]. Thick walled T-joints or 
corner joints, or pipe sections could potentially be joined by this method. Pinheiro 
[58] earmarked FHPP as a method of replacing aluminium and steel fasteners in 
magnesium engine blocks with magnesium alloy fasteners and indeed achieved 
favourable properties.  
However, proposals for alternative applications have been somewhat limited and 
the process is still relatively unknown. Further comprehensive research is required 
to improve confidence and slowly increase industrial uptake before mainstream 
adoption can be realised. 
2.4.1.1 SURVEY OF KNOWN RESEARCH  
Table 2-1 shows a summary of known research conducted on friction hydro pillar 
processing.  
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Table 2-1: Summary of conducted FHPP tests 
Author/s Year  Stud and sample 
material 
combination 
Taper angle 
combinations 
(combinations 
of 0˚/0˚ indicate 
straight-sided 
welds) 
Hole depths 
(mm) 
Downward 
force (kN) 
Rotational speed 
(rpm) 
Meyer 
[27]
 
2003 
API 5L X65 steel 0˚/0˚ <30 - 4000-7500 
API 5L X65 steel 
/St460T steel 
0˚/0˚ 30 - 2000-8000 
API 5L X65 steel 0˚/0˚ - - 4000-7000 
S235 steel 20˚/30˚ 15 - 5000-8000 
API 5L X65 steel 0˚/0˚ 15 - 5000-7000 
API 5L X65 steel 0˚/10˚ 15 - 6000 
API 5L X65 steel 5˚/15˚ 15 - 6000-7000 
API 5L X65 steel 10˚/20˚ 15 - 5000-7000 
API 5L X65 steel 20˚/30˚ 15 - 5000-7000 
Sketchley 
[57]
 
2005 
410S21 stainless 
steel 
0˚/0˚ 10, 12, 14 5-10 1500-4800 
410S21 stainless 
steel 
10˚/15˚ 11.5 5-20 4800 
410S21 stainless 
steel 
15˚/20˚ 10, 10.5, 12 5-10 4800 
AISI 4140 medium 
carbon steel 
0˚/0˚ 12, 13, 14 20 1500-4800 
AISI 4140 medium 
carbon steel 
10˚/15˚ 11.5, 12 10 4800 
AISI 4140 medium 
carbon steel 
15˚/20˚ 11.5, 12 5-15 4800 
De Souza 
[63]
 2006 Low carbon steel 0˚/0˚ 15, 17 - - 
Perrett and 
Sketchley 
[55]
 2007 
S355 structural 
steel/150M19 steel 10˚/20˚ 20 100-400 
1550 
316L stainless steel 1550 
Ambroziak 
and Gul 
[53]
 2007 
S355 low-alloy 
construction steel 
0˚/0˚ 
 
25 - 4000-6000 
Van Zyl 
[64]
 
2008 
10CrMo910 creep 
resistant steel 
15˚/20˚ 25 17.5 5000 
Pinheiro 
[58]
 
2008 
AZ91D-T6/AZ91D-T6 
10˚/20˚ 20 - 4000 MRI230D/AZ91D-T6 
AE42/AZ91D-T6 
(all Mg alloys) 
Unfried, 
Hermenegildo, 
Ramirez, Paes, 
Pope 
[56]
 
2009 C-Mn alloy steel - ≥20 25-400 1550 
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2.4.1.2 FRICTION HYDRO PILLAR PROCESSING PARAMETERS   
Friction Hydro Pillar Processing has a number of variables that influence the 
characteristics of the final weld. The two main factors are the process parameters 
and the geometry of the stud and the hole, which are detailed in Figure 2-12. A 
number of process outputs are also available to help analyse the weld. These 
include the weld process responses, the metallurgical responses and physical 
testing. The process inputs are numerous; therefore most have to be delimited so 
as to restrict the number of tests. The same is true for the process outputs, as 
some of the tests require more than one weld for each test sample e.g. fatigue 
Hattingh, 
Newby, 
Steuwer, 
Wedderburn, 
Doubell, 
James 
[47]
 
2009 
10CrMo910 creep 
resistant steel 
15˚/20˚ 25 - - 
Bulbring 
 
Hattingh, 
Bulbring, Els-
Botes, James 
[20]  [23] 
2011 
AISI 4140 medium 
carbon steel 
15˚/20˚ 16 9.3-27.9 2500-6000 
Chludzinski, 
Paes, Bastian, 
Strohaecker 
[22]
 
2011 C-Mn steel - 20 50-400 1550 
Bulbring, 
Hattingh, Els-
Botes 
[65]
 2011 
660+weld/13CrMo45 
15˚/20˚ 15 
12-22 
5000 
660+weld/10CrMo910 22 
Wedderburn, 
Doubell, 
Hattingh, 
Newby 
[66]
 
2012 
10CrMo910 creep 
resistant steel 
15˚/20˚ 25 17.8 5000 
Hattingh, Von 
Weilligh, Pentz
 
[25]
 
2012 
AISI 1018 
0˚/0˚ 25 
6-12 4000-6000 
26NiCrMoV14-5 9-24 3000-5000 
Samuel, 
Hattingh, 
Botes 
[60]
 
2012 AA6082-T6 
10˚-90˚/ 
20˚-90˚ 
8.5-20 5-30 5000-5200 
Wedderburn 
[5]
 
2013 10CrMo910 15˚/20˚ 25 5-25 3000-6000 
Van Zyl 
[54] [67]
 
2013 
AISI 4140 medium 
carbon steel 
15˚/20˚ 25 7.5-22.5 2460-5160 
Yeh, Cunha, 
Lessa, Clarke, 
Strohaecker 
[68]
 
2013 A36 low carbon steel 15˚/20˚ 31.75 200-350 1000 
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testing, which is not the case with some processes, such as Friction Stir Welding 
where one weld can provide multiple samples.  
Process inputs Process outputs
Process 
parameters
Geometry 
Downwards force 
[kN]
Rotational speed 
[rpm]
Plunge depth [mm]
Hole taper angle [°]
Stud taper angle [°]
Hole depth [mm]
Hole base diameter 
[mm]
Hole base fillet 
radius [mm]
Stud base fillet 
radius [mm]
Forge force [kN]
Stud base diameter 
[mm]
FHPP weld 
process
Weld process 
responses
Torque [Nm]
Temperature [°C]
Tool travel [mm]
Metallurgical 
response
Flash formation
Microstructure 
Hardness
Physical 
response
Tensile/static 
properties
Fatigue/dynamic 
properties
Energy input [kJ]
Forge time [sec]
Bend testing
Impact testing
Defect population
 
Figure 2-12: FHPP weld inputs and outputs 
 
Friction hydro pillar processing shares the same parameters with rotary drive 
friction welding (RFW). This includes; downward force (also known as welding 
force, friction force, axial force or weld pressure), rotational speed (also known as 
weld or tool speed), weld time, plunge depth (also known as consumable length, 
upsetting distance, axial displacement/feed or burn-off length), forge force and 
forge time. The term burn-off length has been carried over from arc welding, but 
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since large-scale melting does not occur with friction welding [19], this term is 
considered inappropriate for this solid-state process [20]. Also, the length of the 
material consumed is larger than just the axial movement, therefore the term 
consumable length is also not correct. 
It should be noted that two different methods of controlling FHPP welds exist, 
depending on the apparatus used. The first method determines the duration of the 
weld by means of controlling the weld time, while the second method uses plunge 
depth to determine the end of the weld [58]. Both methods have their own 
advantages and disadvantages. Time governed welds can cause different axial 
displacements, and hence volumes of displaced material, due to variable material 
properties between each stud such as chemical compositions, hardness variations 
or surface finish. On the other hand, displacement governed welds can cause 
inconsistent volume displacements due to high spots, burrs or other geometrical 
irregularities, however, these types of imperfections can be more easily controlled 
by careful preparation.  
2.4.1.2.1 DOWNWARD FORCE  
The axially applied downward force is a very important parameter and can greatly 
influence the strength and quality of friction welds, including FHPP as shown in 
various research findings [20] [23] [25] [26] [53] [58] [68]. The downward force is required to 
hold the faying surfaces together during rotation [53] and transmit hydrostatic forces 
radially onto the surfaces of hole [27]. The magnitude required is dependent on the 
material used. Downward force also influences the total amount of energy input, 
energy input rates [23] [54] [68], temperatures achieved [23] [27] and the weld duration 
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[23] [27] [68] (with displacement governed welds) which are all inter-related and have 
a significant influence on weld quality.  
Total energy input is an important dependant factor governing all types of welds [23] 
[26]  [68]. Bulbring [23] found that increasing the downward force increases the energy 
input rate, but with displacement-governed welds it actually decreases the total 
energy input due to a shorter weld time. A generic power formula was used to 
approximate the energy input and was used as a comparison between welds (see 
Equation 1). In this case the rotational speed and torque were measured once per 
second and it was assumed that these values were the average over the second 
and therefore representative of the time measurement span (1sec). The power 
calculated for one second was therefore also assumed to be a reasonable 
average and therefore represented the average energy input for one second (see 
Equation 2). The same method was used by Beamish [26] to calculate the weld 
power and energy input. It was also proposed that perhaps the best way of 
expressing the heat input into a weld is to consider a unit of energy per unit 
internal surface area of the hole. Another useful measureable dependant variable 
is the average energy input rate which is shown in Equation 3 below.  
 
  
Where: 
         P = Power input (J/s) 
        N = Rotational velocity (rpm) 
         T = Torque (Nm) 
 
Equation 1 
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Where:  
       E = The total energy input (J) 
        t = The time taken (s)  
 
 
Where: 
 Energy input rate (J/s) 
 Total energy input (J) 
 Total weld time (sec) 
 
Vill [61] proposed back in 1962 that the rate of heat generation could be determined 
by a simple equation (see Equation 4). The equation confirms that the heat 
generation rate is directly proportional to the axial pressure, with all other 
parameters constant. It also shows that heat generation is inverse to rotational 
speed which will be discussed further in Section 2.4.1.2.2. Heat generation is 
related to the induced shear stress of the material [69]. The shear stress of the 
material is a function of torque as per the torsional stress formula    
  
 
 , and 
hence energy input as per Equation 1 and Equation 2. It is therefore assumed that 
they are inter-related. 
 
  
Equation 2 
Equation 3 
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Where:  
       N = Heat generation (kW) 
        p = Axial pressure (kg/mm2) 
        K = A material dependant constant (mm2/min2) 
        n = Rotational speed (rpm) 
        r = Radius of the cross section (mm) 
Hattingh et al [20] also measured the temperatures at different positions around the 
weld, including directly below the hole. At the same rotational speed, the highest 
downward force showed higher maximum temperatures than the lowest force even 
though the weld time was some 57 seconds shorter. Since the energy input rate 
would likely affect the rate of increase in temperature, this confirms that higher 
downward forces increase the energy input rate. Since torque is directly 
proportional to energy input as per Equation 1, it follows that parameters which 
increase the energy input also increase the overall torque response i.e. downward 
force. The maximum and overall torque responses of welds showed an increase in 
torque with downward force [20]. Figure 2-13 shows the torque responses of FHPP 
welds where an increase in downward force is mirrored by a significant increase in 
torque (welds P7 and P8). 
Equation 4 
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Figure 2-13: Torsional response of samples P7 (11.7kN, 6000rpm) and P8 (20.6kN, 6000rpm). 
Also shown are welds P16 (11.3kN, 4250rpm) and P25 (10.5kN, 2500rpm) 
[20]
 
 
The energy applied during a weld is converted partly to frictional heating, and 
partly to plastic deformation or shear [69]. The higher the downward force, the 
greater the energy converted to shear due to the fact that for shear to occur, a 
certain level of stress is required to break the bonds between the grains, 
depending on the temperature. The higher the temperature, the less stress is 
required to produce shear. With lower forces, eventually frictional heating raises 
the temperature sufficiently to weaken the bonds between the grains, effectively 
lowering the shear strength of the material. Since a certain amount of heating has 
to take place before the material has weakened enough for shear to occur, the 
displacement rate is lower.  
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2.4.1.2.2 ROTATIONAL SPEED  
Rotational speed is supposedly the least influential parameter with friction welds 
[62]. Each material combination has its own optimum setting which produces 
adequate bonding [61]. Any additional speed does very little to improve the weld 
properties e.g. [25]. However, on the other end of the scale, a minimum rotational 
speed is required to produce adequate heating by means of slowing the weld and 
effectively increasing the weld time as with displacement-governed welds [23].  
A better way to quantify the rotational action of the stud is to use the relative 
velocity [26] which is directly proportional to the size of the stud. In RFW a minimum 
relative velocity, measured at the outer periphery, of about 1.27m/s is required [70]. 
This appears to be confirmed by Bulbring where a minimum rotational speed of 
2500rpm was required to prevent excessive torque and complete the weld [23]. For 
the geometry used, the minimum relative velocity was about 1.18m/s. Below this, 
tearing causes excessive vibration due to larger shear layers becoming detached 
from the main stud body. This reduces the weld time, thereby not allowing 
sufficient time for heating to take place. Higher torques are produced and the 
distances between shear layers increase. At excessively low speeds the stud 
shears off before bonding can occur e.g. [27] [57]. 
At higher speeds tearing is replaced by a polishing action [61] [71] which creates 
lower torques [20] [23] [25]. This then slows down the plunge depth rate which 
produces a longer weld time, larger HAZ and lower cooling rate which results in 
lower tensile strength and associated lower hardness [53] [72] [73]. The effect on 
tensile strength appears to be true for materials with a relatively low carbon 
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equivalent. Although tensile strength increases with hardness, it can also reduce 
the ductility making stress concentrations from defects or hardness notches more 
susceptible to crack initiation. Therefore, materials with a higher carbon equivalent 
such as AISI 4140 (CE ≈ 0.8) [20] [23] may need a higher rotational speed to produce 
sufficient heating time to saturate the weld to reduce the hardness and increase 
the ductility. Rotational speed affects the weld time up to a point after which any 
additional speed has little effect [61] [71]. This is mirrored by similar torque values 
where the maximum torque recorded is similar for medium to high rotational 
speeds whereas low rotational speeds produce significantly higher values [20], 
taking into account that ”deep tearing” takes place with lower speeds [61] [71]. Figure 
2-13 shows similar torque responses between FHPP welds at 6000rpm (P7) and 
4250rpm (P16), but then a sudden significant increase occurs at 2500rpm (P25). 
This is again mirrored by Vills’ [61] equation (Equation 4) where the heat input rate 
is shown to be inverse to the rotational speed. 
2.4.1.2.3 PLUNGE DEPTH 
The purpose of plunge depth is to produce sufficient plasticised stud material to fill 
the hole and create adequate bonding, and the magnitude depends mainly on the 
geometry of the hole and the stud [53]. Plunge depth can influence the joint 
properties significantly [20]. With shallower holes, plunge depth has a significant 
effect on bonding along a significant portion of the hole depth [20] [23], especially 
with materials that may require longer weld times such as medium carbon steel 
e.g. [20], but with deeper holes plunge depth only affects the upper regions of the 
weld in terms of bonding e.g. [25] [27]. Higher plunge depths, however, can influence 
the toughness of the final welded joint by saturating the weld with heat which is 
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then conducted away from the weld at a slower rate [27] [58], especially when 
preheat in employed.  
Monitoring plunge depth is one way of controlling the weld duration. In order to 
ensure that welds are repeatable, geometrical variations such as high spots, burrs 
and misalignment must be avoided [27] [61]. However, for deeper welds that require 
larger plunge depths, small changes in plunge depth would likely have little effect 
on joint quality. More importantly, accurate determination of the point of contact is 
more important as the error would likely be larger e.g. [26]. 
2.4.1.2.4 WELD TIME 
Weld time has been shown to be an important factor of governing FHPP welds. In 
terms of displacement-governed welds, the most influential parameter that affects 
the weld time is the downward force with higher forces reducing the weld time [23] 
[25] [27] [65] [68]. Rotational speed also has a marginal affect and is inversely 
proportional to weld time [25] [27]. The effects of force (axial pressure) and rotational 
speed on weld time as discussed by Meyer [27] are shown in Figure 2-14. It is also 
apparent that increasing the plunge depth increases the weld time as more 
material needs to be displaced [20] [25].  
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Figure 2-14: Weld times for different downward forces (related to axial pressure) and 
rotational speeds 
[27]
. The Y-axis represents time (sec). 
  
With some materials, longer weld times are desired. Bulbring [23] found that 
parameter settings that increase the weld time produce higher tensile strengths 
with AISI 4140 steel, which is a steel that typically requires preheat and Post Weld 
Heat Treatment (PWHT) due to its relatively high carbon content. A combination of 
low downward force, high rotational speed and high plunge depth show the 
highest tensile strengths with the longest weld times. By decreasing the downward 
force, the energy input rate is lowered (See Equation 4) but the total energy is 
increased due to a longer weld time. This effectively has a similar effect to 
preheating the sample as heat has more time to conduct to the material 
surrounding the hole. This is essential as atomic diffusion is the mechanism by 
which bonding takes place, which is dependent on the temperatures reached and 
time at temperature. Both the stud and material surrounding the hole must 
therefore reach adequate temperatures and be maintained for a period of time. 
This is only achieved if sufficient time is allowed for heat to saturate the material 
along the sidewall which is where bonding takes place. 
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When lower hardness, or conversely, higher toughness is required then longer 
welding times are desired [23]. Also, the amount of surrounding material, the 
thermal conductivity and the amount of flash produced influence the cooling rates 
of the weld which all affect the final hardness and toughness. There will obviously 
be a difference in heat conduction away from the weld between small weld 
coupons and large pipes which must be considered. Similarly, Meyer [27] found that 
two identical welds with the same parameters and geometries showed significantly 
different hardness measurements and this was attributed to one weld being in 
contact with a backing plate which would affect the heat conduction away from the 
weld. This shows that the amount of material surrounding a weld can significantly 
influence the weld properties. One method of reducing the cooling rates of welds 
with a large heat sink is to employ preheating of the weld and adjacent material 
which is common practice for materials with high carbon equivalents e.g. [2].  
2.4.1.2.5 FORGE FORCE 
The forge force supposedly has a nominal effect on the tensile strength of RFW 
and FHPP welds e.g. [27]. For example: Kimura et al [74] achieved over 100% 
tensile joint efficiency without forging, however this was with RFW. This lack of 
effect is especially true for the lower regions of FHPP welds [27]. However, others 
state that there are indeed advantages to forging [25] [53] [62]. Forging can increase 
the tensile strength and toughness by reducing the grain size [75]. Forging breaks 
up large inclusions, refines austenite grains and reduces the probability of 
producing unwanted Witmanstätten structures which are brittle [53]. Also, flash-
crack like defects can be mitigated by using higher forging forces during FHPP 
welding by consolidating the plasticised material at the upper regions [25]. 
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2.4.1.3 EFFECTS OF GEOMETRY ON FRICTION HYDRO PILLAR 
PROCESSING 
Geometry has been shown to be an important factor governing the final weld 
quality. These include the stud and hole taper angles, hole depth, stud and hole 
bottom geometries (flat, chamfered, filleted or round) and the stud base diameter 
relative to the hole base diameter (i.e. clearance). The nomenclature of FHPP 
welds with fillets is included in Figure 2-15 for easy reference. Some of the most 
influential geometrical variations are the stud and hole taper angles. Practically, 
this is significant as straight sided geometries allow for deeper holes, if one takes 
into consideration that the maximum diameter is limited by the machine 
capabilities and practical size. Also, in terms of material use, straight sided 
geometries are more efficient [27]. Table 2-1shows a summary of known research 
conducted on FHPP with the stud and hole taper angle combinations used. Most 
taper angle combinations used exhibit a 5˚ or 10˚ difference between the stud and 
the hole, with the exception of parallel-sided FHPP welds.  
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Figure 2-15: Stud and hole nomenclature 
The most comprehensive study on the effect of taper angles was conducted by 
Meyer [27] on steels with carbon equivalents ranging from 0.2 to 0.49. Stud and 
hole taper angle combinations were varied from a straight sided to a 20˚ and 30˚ 
stud/hole combination and are shown in Figure 2-16a, along with the yield 
strength, tensile strength and elongation as shown in Figure 2-16b. In all cases 
shown the specimen failed in the parent material. The highest yield and tensile 
strengths were attained with the 20˚ and 30˚ combination along with the lowest 
elongation values, although it may not be wise to make assumptions based on the 
elongation values as larger taper angles also increase the width of the weld 
present in a tensile specimen, which would likely negatively affect elongation 
values. In addition, although the actual downward forces used are not known, what 
is known is that different hydraulic pressures (and hence downward forces) were 
used for different configurations as shown below the schematics in Figure 2-16a. 
Bend tests were also performed which showed good strength over a wider range 
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of parameters for the larger taper angle combinations. Impact tests were carried 
out at -20˚C but are inconclusive as the notch was lined up vertically with the weld 
axis while the bonding line changes with taper angle.  
The combination of stud and hole taper angles is important as it governs the flow 
of plasticised material moving upwards and the formation of flash [20]. The 
materials used and the ease to which they can be extruded at forging 
temperatures determine the taper angles used with materials that are more 
viscous at temperature favouring larger taper angles [21], however, if the taper is 
too large then the interface will not move upwards [76]. Tapered studs and holes 
increase the reactive force component between the stud and hole sides [21] [77]. 
This appears to be confirmed by Meyer as shown in Figure 2-17 [27]. The first 
geometry is straight sided (Type A) and the second has a relatively large taper 
(Type E), both welded at the same downward force and rotational speed. 
Miniature load Cells were placed below the hole (Load Cell 1), and along the hole 
sides (Load Cell 2 near the bottom and Load Cell 4 near the top). Load Cells 2 and 
4 both show significantly higher forces with the tapered geometry (Type E). 
Interestingly, Load Cell 1 exhibited a smaller force component with Type E, which 
shows that the vertical load is spread more across the surface of the hole with 
larger taper angles.  
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Figure 2-16: a) Different taper angle combinations used by Meyer, b) replot of tests 
conducted showing yield strength (%), tensile strength (%) and elongation (%) for different 
taper angle combinations 
[27]
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Figure 2-17: a) Miniature force transducers placed at various positions as shown in b) to 
take force measurements of c) Type A and d) Type E, taken at different positions with Load 
Cell 1 situated below the hole and Load Cells 2, 3 & 4 situated adjacent to the weld. Load 
Cell 2 is at the lowest position and Load Cell 4 the highest 
[27]
.
 
 
Meyer [27] showed that bonding can take place at relatively low pressures. In 
almost all cases the forces were shown to rise and fall before the weld was 
completed which shows that the layers recrystallise causing the interface to move 
upwards. Comparisons were made between the forces and the temperatures 
measured which showed that the higher the temperatures, the lower the measured 
forces. This appears to be related to extrusion and forging processes where a 
higher temperature results in a lower flow stress. The author states that it appears 
that forces are transmitted by a combination of solid and hydrostatic conditions. By 
d) c) 
1 
2 
3 
4 
b) a) 
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comparing a theoretical force distribution model to actual measurements, it was 
stated that the force distribution is dependent on the shape of the interface rather 
than the hole taper angle. Further, thermal cycles appear to have more of an effect 
on bonding than exerted forces. Bonding does appear to increase with taper 
angles, but whether this is due to thermal cycles or forces exerted onto the side 
walls, is unclear.  
Most other tests carried out on FHPP used a stud and hole taper angle 
combination of 15˚ and 20˚ respectively on materials with relatively high carbon 
equivalents [5] [20] [23] [47] [54] [57] [64] [66] [68].  All these tests showed good bonding with 
sectioned welds but the only quantification thereof was carried out on AISI 4140 
steel with a maximum of 94% UTS achieved and parent plate failure [20] [23]. TWI 
also appeared to produce good bonding using the same material based on a 
metallographic inspection with a 10˚ and 15˚ stud and hole taper angle 
combination [57].  
Although a range of different hole depths have been used, no analysis has been 
performed on their effects. Thus far, 28mm deep holes are the maximum hole 
depth chosen for FHPP welds as discussed by Bezuidenhout et al [1]. Looking at a 
typical FHPP weld, it can be noted that the interface between the weld block and 
the stud material can be clearly seen at the lower parts of the weld, while this 
interface becomes less clear towards the upper regions, as shown in Figure 2-18. 
This may indicate a difference in bonding strengths although this still has to be 
confirmed. Since a large portion of the heat is contained in the flash at the top of 
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the hole, it would likely have an effect on bonding at the upper regions, with less of 
an effect at the lower regions, which may create a difference in bonding strengths. 
 
Figure 2-18: Typical FHPP weld showing the stud/hole interface more clearly at the lower 
regions 
[20]
 
 
A wide variety of stud and hole bottom geometries have been used with varying 
success. Meyer stated that the hole geometry has a larger effect than that of the 
stud [27]. Indeed, round-bottomed, chamfered or purely flat bottomed holes with 
sharp corners produce lack of bonding defects as shown in Figure 2-19 [27] [57]. Flat 
bottomed holes with fillets combined with either fillets or chamfers on the stud 
appear to produce the best transition from the hole bottom to the sides [20] [23] [27] [47] 
[57] [64]. In terms of the hole geometry, a more gradual transition allows plasticised 
material to flow from the bottom and follow the contour of the fillet until the sides of 
the hole are reached. Any sharp recesses prohibit the flow of material into the 
corners and induce lack of bonding such as in Figure 2-19b, c. This is similar to 
forging processes where such acute geometries are generally avoided. In terms of 
the stud bottom geometry, smaller fillets or chamfers are preferred which may be 
Stud/hole interface 
not very clear 
 
 
Stud/hole interface 
clearly visible 
1
6
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due to the fact that a larger stud surface possesses a larger interfacial area that 
will resist initial shear more than a rounded surface, such as in Figure 2-19a. This 
in turn increases the time taken before shear occurs and hence increases the heat 
input into the lower regions of the weld.  
 
      
Figure 2-19: a) Round 
[57]
, b) chamfered 
[27]
 and c) purely flat bottomed holes 
[27]
 produce lack 
of bonding defects at the lower regions of the hole 
 
The hole base diameter relative to the stud base diameter will likely affect the 
sidewall bonding. Meyer investigated the effects of hole diameter relative to stud 
diameter on parallel-sided configurations, as shown in Figure 2-20, although he 
stopped at a macrostructural investigation [27]. No significant lack of bonding 
defects were observed but no quantitative analysis of the bonding was performed. 
Hattingh et al [25] however, found with AISI 1018 steel that if the hole was 1mm 
larger than the stud then adequate bonding was achieved, but when the hole was 
increased to 3mm larger, the level of bonding dropped off dramatically. In this 
study, a parallel-sided geometry was used.  
c) b) a) 
1
2
m
m
 
CHAPTER 2: LITERATURE SURVEY AND PROCESS APPLICATIONS 
 
48 
 
Increasing the hole diameter increases the required amount of plasticised material 
to fill the hole and produce bonding and this increases the total heat input, which 
can be seen with the larger HAZ as seen in Figure 2-20. On the other hand, the 
forces exerted onto the sidewalls will likely be reduced which may adversely affect 
bonding, especially with steels that have high carbon equivalents as shown by 
Hattingh et al [25]. Exactly how this interplay of factors affects bonding of tapered 
geometry FHPP welds is, however, unknown and would likely change with 
different alloys. 
 
Figure 2-20: A 10mm stud is combined with a 10.5, 11, 12 and 13mm diameter hole 
[27]
 
2.4.1.4 FRICTION TORQUE WELD PHASES 
Various torque phases have been identified with rotary drive friction welding. 
Generally a weld is divided into four different phases by means of the torque 
response. Five phases have been identified [72] but generally four phases are used 
as identified by Japanese researchers Hasui and Fukashima [78], who were the first 
to observe different torque phases in 1975, as depicted in Figure 2-21a. Four main 
stages were observed. The 1st stage is characterised as the response from the 
start of the weld until an initial peak is observed. The 2nd stage shows an abrupt 
drop and then gradually degrades in the 3rd stage as heat saturation occurs. In the 
4th stage torque increases sharply as rotation slows and halts. The 1st stage has 
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been the focus of research in RFW e.g. [74] [79]. High spots begin to wear away in 
the wear stage and progress towards the center [74]. Once most, or all, of the 
surface is in contact, heating between the faying surfaces causes the stud material 
to begin bonding to the bottom of the hole. This bonding then progresses outwards 
until the entire contact surface is bonded and at this point the initial peak occurs. 
This sub-stage is termed the seizure stage. Kimura et al [79] found that the wear 
stage progresses outwards and the seizure stage inwards for higher weld forces. 
Various researchers have alternatively identified 4 phases, as shown in Figure 
2-21b. These are namely rubbing phase (I), heating phase (II), braking phase (III) 
and bonding or forging phase (IV) [80] [81] [82] [83]. The rubbing phase is the same as 
the 1st stage, the heating phase is the same as the 2nd and 3rd stage combined, 
the braking phase is the same as the 4th stage and an additional forging phase 
was identified where the downward force is maintained or increased for a period of 
time to consolidate the weld after rotation has halted. 
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Figure 2-21: a) Friction welding phases characterised by the torque response by Hasui and 
Fukashima 
[78] 
b) alternative characterisation whereby I is the rubbing phase, II is the heating 
phase, III is the braking phase and IV is the forging phase 
[80] [81] [82] [83] 
 
 
b) 
a) 
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Hattingh et al [20] observed similar torque phases for tapered FHPP welds. With 
FHPP the torque is divided into three main phases, namely the Heating Dominated 
Phase, Heat-Shear Transition Phase and the Shear Dominated Phase. The 
Heating Dominated Phase is characterised from the start of the weld until the first 
major shear occurs which is seen as a sudden drop in torque, in this case  (P7) at 
about 15 seconds as shown in Figure 2-22a. The reason for this term is that the 
bottom temperature increases dramatically during this time. Later, after about 23 
seconds, the plunge depth starts to accelerate and continues until the end of 
rotation as heat saturates the weld, as shown in Figure 2-22b. The Shear 
Dominated Phase shows a more stable response, with a general degradation due 
to heat saturation of the stud, until the weld is completed. Between these two 
phases is the Heat-Shear Transition Phase. The end of the Torque Ramping 
Phase is characterised by the occurrence of an initial peak, in this case at about 
10 seconds.  
In comparison to rotary drive friction welding, the wear sub-stage was sometimes 
observed, e.g. with weld P8, P16 and P25, but not always, as shown in Figure 
2-22a. This is likely due to a low sampling rate of 1Hz which likely would have 
missed such a short event. The Torque Ramping Phase can be compared to the 
1st stage from general friction welding processes as torque rises to an initial peak. 
The Heat-Shear Transition Phase is comparable to the 2nd stage and the Shear 
Dominated Phase can be compared to the 3rd stage. Only the 4th stage is not 
observed which happens as the spindle speed slows to zero. This again, was 
likely missed due to the low recording frequency of 1Hz.  
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Figure 2-22: a) Torque phases of FHPP welds (see weld P7), b) temperature responses 
below (bottom) and adjacent to the sidewalls (middle and top) along with the plunge depth 
[20]
 
a) 
b) 
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If the torque responses are compared to the temperature responses as shown in 
Figure 2-22, it can be seen that the end of the Heating Dominated Phase shows a 
sudden drop in temperature at the bottom position at about 15 seconds. Such 
torque drops are mirrored again by the temperature response at approximately 24 
and 60 seconds. The temperatures at the middle and top positions continue to 
increase throughout the duration of the weld which shows why the torque 
continues to degrade, even though the frictional interface surface area is 
increasing with the stud taper.  
On a materials level, the resistance to axial force decreases, forcing the displaced 
material out of the sides of the interface which results in a torque drop [15]. New 
unplasticised material is exposed at the frictional interface, which in turn increases 
the frictional coefficient, seen as an increase in torque, and results in an increase 
in temperature. The cycle then repeats itself but the magnitude of each torque 
peak drops as heat saturates the surrounding material. Similar drops in torque 
were observed on straight sided FHPP welds by Hattingh et al [25] as shown in 
Figure 2-23 which were then correlated to shear bands which were evident on a 
sectioned and etched sample. 
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Figure 2-23: Sudden drops in torque which are mirrored by shear bands 
[25] 
 
2.4.1.5 METALLURGY OF FRICTION HYDRO PILLAR 
PROCESSING 
In terms of metallurgy, several attempts have been made to characterise FHPP 
welds. Different weld zones have been identified in AISI 4140 by Hattingh et al [20]. 
These are the Forged Zone (FZ), Mixing Zone (MZ), Stir Zone (SZ), High 
Temperature Heat Affected Zone (HTHAZ) and the Low Temperature Heat 
Affected Zone (LTHAZ). All regions depicted in Figure 2-24 exhibited various 
forms of martensitic microstructures. The FZ (Figure 2-24a) shows evidence of 
atomic slip shown as distortion of previous cold rolling flow lines. The SZ (Figure 
2-24b) possesses localised areas where retained austenite can be observed. 
Surrounding the FZ and SZ, mixing of plasticised material has removed all rolling 
flow lines from both the stud and block material and left a coarse-grained 
microstructure as shown in Figure 2-24c.   
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Figure 2-24: Different microstructures observed at different weld zones a) Mixing Zone, b) 
Forged Zone, and c) Stir Zone 
[20]
. All micrographs at 200X magnification.
 
 
Unfried et al [56] also characterised the weld in more detail for welds using much 
higher forces as shown in Figure 2-25. A large region of unaffected plug material 
can be seen due to much lower heat inputs. Regions of partially transformed 
thermo-mechanically affected material can be seen on either side of the bond line 
with fully transformed thermo-mechanically affected material in the region of the 
bond line. This collective name for this region is the thermo-mechanically affected 
zone (TMAZ) which was shown to decrease with increasing forces. 
 
a) b) c) 
CHAPTER 2: LITERATURE SURVEY AND PROCESS APPLICATIONS 
 
56 
 
 
Figure 2-25: Alternative weld zone characterisation: (UP) unaffected plug material, (MAP) 
mechanically affected plug, (PTTMA) partially transformed thermo-mechanically affected, 
(FTTMA) fully transformed thermo-mechanically affected, (MABM) mechanically affected 
base material, (UBM) unaffected base material 
[56]
. Hole depth approximately 20mm. 
 
 
Meyer [27] identified the different microstructures in C-Mn steel weld as shown in 
Figure 2-26. High temperatures result in large AC (ferrite with aligned martensite, 
austenite or carbide) and GF (grain boundary ferrite) grains in the region of the 
Mixing Zone (feature L and M), which is similar to  that shown in Figure 2-24c. 
Primary ferrite and AC grains can be observed in the Stir Zone (feature N). 
Acicular ferrite (AF) forms on the upper regions of the Stir Zone (feature O). At the 
interface between the block and stud material, a combination of AF, ferrite-carbide 
aggregate and martensite is formed (feature P). The relative microstructures will 
likely vary between different steel alloys, but may nonetheless indicate 
microstructures that are likely to be formed.  
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Figure 2-26: A FHPP weld with different microstructures 
[27]
 
 
 
Issues surrounding imperfections in the steels used in FHPP welds are also 
influential. Chludzinski et al [22] performed CTOD tests on FHPP welds in C-Mn 
steel which exhibited vastly inferior fracture toughness when compared to the 
parent plate. This was attributed to elongated manganese sulphide inclusions 
present in the stud material which had realigned themselves during welding and 
had precipitated to the fusion line, thereby greatly reducing its toughness. The 
failure mode appeared to include fast-fracture which was seen as microvoid 
coalescence and further shows low fracture toughness. An example of this is 
shown in Figure 2-27. Hattingh et al [25] also observed manganese sulphide 
inclusions which were present in the parent plate before FHPP welding, and 
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therefore could not be avoided. Therefore, the cleanliness of the parent and stud 
materials is important and should be considered before commencing welding.  
           
Figure 2-27: Manganese sulphide inclusions evident on fracture surface of CTOD sample 
[22] 
 
2.4.1.6 KNOWN DEFECTS ASSOCIATED WITH FRICTION HYDRO 
PILLAR PROCESSING  
The most common defects associated with FHPP include cold cracking, lack of 
bonding, flash cracks and lack of forging defects. The cold cracking defects occur 
with materials with a relatively high carbon equivalent as a result of cold cracking 
common to welding processes due to tensile residual stresses aided by precipitate 
segregation [20] (as shown in Figure 2-28a, Feature S). As with conventional 
welding processes, this can be avoided by applying pre-heating, post weld heat 
treatment and gas shielding [21]. Flash cracks are sometimes observed as a defect 
that initially follows the interface between the plasticised streams of material 
before turning inwards, in some instances, towards the center due to tensile 
residual stresses [20] [23], as shown in Figure 2-28a & b. Lack of bonding is either 
due to the use of incorrect geometry, or parameters and an example is shown in 
Figure 2-28c. Such defects can also be found on the sidewall. Use of the correct 
parameter and geometrical combinations will likely eradicate such defects. Lack of 
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forging defects are a common problem associated with using very low downward 
forces, as shown in Figure 2-28d. 
 
     
         
Figure 2-28: Common defects associated with FHPP: a) Internal cold cracking defects (S) 
and flash crack (F)
 [20]
, flash crack also shown in b)
 [20]
, c) lack of bonding 
[27]
, d) lack of 
forging defects
 [5]
.
 
2.4.1.7 HEAT TREATMENTS ON FRICTION HYDRO PILLAR 
PROCESSING 10CrMo910 STEEL WELDS 
Grade 22 steels have to a tendency to crack [2] during the application of heat, such 
as during welding processes, which is due to high carbon equivalents. Generally, 
steels with a carbon equivalent of above 0.55 are regarded as very difficult to weld 
and require preheating and PWHT. According to the Dearden/O’Neill formula for 
a) b) 
c) d) 
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steels below 0.12%C, 10CrMo910 possesses a carbon equivalent of about 0.88. 
EPRI (the Electric Power Research Institute) specifies a temperature of between 
204ºC and 250ºC preheat to perform fusion welding [84]. Post Weld Heat Treatment 
is also required, which according to ASME B31.1, states that the weld material 
must be maintained at a temperature between 704˚C and 760˚C for 1 hour per 
25mm for thicknesses up to 50mm and an additional 135min for every 25mm over 
50mm. Post Weld Heat Treatment (PWHT) is often used to reduce the residual 
stresses, temper the microstructure, and improve ductility and toughness [2]. 
It is generally considered that FHPP produces lower temperatures than 
conventional welding processes [19], however there is sufficient heat input to 
warrant preheating and PWHT as per welding codes such as ASME B31.1. 
Excessive hardness in the weld nugget and HAZ is a problem common with fusion 
welding steels with high carbon equivalent which can reduce the materials 
toughness properties. Figure 2-29 shows the hardness measurements of FHPP 
welds performed by Wedderburn on 10CrMo910 steel alloy [5]. A substantial 
difference in hardness between the as-welded and heat treated conditions is clear 
which appears to show that the need for PWHT is common to both fusion welding 
and friction welding. The need for heat treatments is further substantiated by the 
fact that in some instances, cold cracking has been observed with FHPP welds [20] 
(e.g. Figure 2-28a) which is common with fusion welding of steels with high carbon 
equivalents as compressive stresses experienced during heating reverse causing 
tensile residual stresses. Owing to the absence of large scale melting, the 
resulting residual stresses are lower than that of conventional welding techniques 
[47] but require heat treatment nonetheless. 
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Figure 2-29: Hardness measurements of a FHPP weld in the as-welded condition and with 
PWHT 
[5]
 
 
Wedderburn et al [66] investigated the effects of heat treatment on the residual 
strains of FHPP welds in 10CrMo910 steel. In a series of tests, the residual strains 
of as-welded FHPP welds were compared to pre-heated and post weld heat 
treated samples. As-welded samples showed the highest tensile residual strains, 
as shown in Figure 2-30a, with lower values shown on the pre-heated samples 
(Figure 2-30b). Tensile residual strains can cause areas of weak bonding to pull 
away from each other leaving defects [57]. The regions of highest tensile residual 
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strains appear to occur in the region of the Mixing Zone [20], which is in the region 
of the bondline, and is likely due to high temperatures in this region. Post Weld 
Heat Treatment (PWHT) produced by far the lowest strains, as shown in Figure 
2-30c, which illustrates the importance of heat treatment as an additional method 
of improving FHPP welds with high amounts of alloying elements. FHPP welds 
performed on AISI 4140 produced a predominantly martensitic microstructure in 
the weld zone [23] and produced hardnesses in excess of 700HV. This shows low 
levels of ductility and toughness and is mirrored by very little elongation with 
tensile tests that failed in the weld zone. PWHT may also alleviate much of the 
material brittleness which is especially important in a dynamic loading scenario. 
The need for heat treatment of FHPP welds with high carbon equivalent is 
therefore as important as with conventional welding processes. 
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Sample ILL-08 W02 Hoop Strain - Preheat
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Sample ILL-08 W03 Hoop Strain - Post Weld Heat Treat
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Figure 2-30: Residual microstrains of friction taper stud welds in a) as welded, b) using 
preheat and c) using PWHT 
[66]
 with the positions of the original hole indicated 
c) 
b) 
a) 
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2.5 SUMMARY 
This chapter researches the use of 10CrMo910 creep resistant steel in the power 
generation industry. Various existing methods of creep sample retrieval and 
analysis are detailed with specific focus on methods that can be used in 
conjunction with the Weldcore ® creep coring and plugging process. An in-depth 
investigation into friction hydro pillar processing was carried out. Important aspects 
such as process parameters, process responses, weld preparation geometry, 
metallurgy, known defects and heat treatments were examined. Based on the 
knowledge attained from the research, knowledge gaps were identified along with 
the appropriate methodologies that could be used to increase our understanding of 
friction hydro pillar processing. 
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CHAPTER 3: EXPERIMENTAL SETUP 
AND METHODOLOGY 
3.1  INTRODUCTION 
This section details the setup of the research platform. Some preliminary work was 
performed to identify the appropriate plunge depth and forge force for the standard 
geometry. These parameters were then standardised for various geometries. The 
testing methodologies that were used are also included. 
3.2  RESEARCH EQUIPMENT 
A research platform was used which could control the required parameters during 
welding. A specially designed loadcell was developed to verify the actual forces 
during welding and measure the process torque, which is a useful tool for weld 
analysis, and the data was recorded by a strain temperature measuring amplifier. 
A separate amplifier was used to record the near interface temperatures.  
3.2.1 FRICTION WELDING PLATFORM 
The platform has force, rotational speed and axis travel capabilities of 40kN, 
7200rpm and 100mm respectively, and is shown in Figure 3-1. The force is 
obtained by a proportional hydraulic system by entering a known pressure setting 
which is measured by the digital pressure gauge. The loadcell was coupled to the 
table on which the platform was fastened. Each weld block had a 10mm backing 
plate to prevent the stud protruding through the bottom during welding as there 
was only 5mm of supporting coupon material below the hole. The rotational speed 
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was attained by a 23kW servo motor with a torque overload value of 100Nm. The 
position of the tool was constantly monitored with a linear variable differential 
transformer (LVDT). During FHPP welding the hydraulic pressure, motor speed, 
electrical torque input and stud position were recorded onto a compact flash card 
at a frequency of 1Hz.  
 
Figure 3-1: FHPP welding machine and loadcell 
 
3.2.2 COMBINATION DOWNWARD FORCE AND TORQUE 
LOADCELL 
A specialised loadcell was designed and built for verifying the downward force, 
and measuring the process torque during FHPP welding, as shown in Figure 3-2. 
The force and torque components were isolated mechanically. The downward 
force loadcell component was coupled to thrust bearings on the base flange in 
 
Hydraulic cylinders 
 
Digital pressure gauge 
 
 
 
 
Servo motor 
 
Consumable stud 
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such a manner that the force would be fully transmitted to the bearings, while 
providing little rotational torque resistance. Strain gauges in a full-bridge 
configuration placed on the outer surface of the downward force loadcell 
measured the strain induced by loading. Running concentrically inside the 
downward force loadcell was the torque loadcell. The lower end of the torque 
loadcell was fastened to the torque coupling via the torque expansion ring so that 
it could not rotate. The upper end was then coupled to the downward force loadcell 
by another torque expansion ring. The torque loadcell twisted nominally during 
FHPP welding and the strain was picked up by full-bridge herringbone strain 
gauges. All strain measurements were recorded on an HBM Spider8 amplifier. 
Both the downward force and torque loadcells were calibrated by converting strain 
measurements to known forces and torques, as shown in Figure 3-3 and Figure 
3-4 respectively. The relative accuracies of the force and torque loadcells were 
0.4kN and 0.5Nm respectively which constitute 1% and 0.5% of the total range. 
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Figure 3-2: Cross section of loadcell configuration 
 
 
 
 
Figure 3-3: Downward force loadcell calibration curve 
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Figure 3-4: Torque loadcell calibration curve 
 
 
Owing to motor stall with some of the welds in the hole diameter matrix (Chapter 
6), the loadcell welds could not be welded with the loadcell in position. Therefore 
subsequent welds were performed without the loadcell which therefore meant that 
the torque response could not be measured, and the downward force had to be 
verified by another means. The recorded hydraulic pressure was therefore used to 
record the force. By using data from previous welds, the hydraulic pressure was 
compared to the loadcell reading which was then used to estimate the force during 
welding as shown in Figure 3-5. A further inaccuracy of about 1kN was incurred 
which made the total inaccuracy about 1.4kN which constitutes 3.5% of the total 
force range. 
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Figure 3-5: Determination of downward force as a function of hydraulic pressure 
 
3.2.3 TEMPERATURE MEASUREMENT 
The temperatures of the weld block and positions near the interface were recorded 
using Ø1.5mm WIKA N-type thermocouples and a Data Translation DT9871 
TEMPpoint amplifier as shown in Figure 3-6.  
 
Figure 3-6: TempPoint temperature measurement device 
 
y = 0.39133662x - 3.16703190 
R² = 0.99597136 
0
5
10
15
20
25
30
35
40
20 30 40 50 60 70 80 90 100 110
Lo
ad
ce
ll 
fo
rc
e
 (
kN
) 
Hydraulic pressure (bar) 
CHAPTER 3: EXPERIMENTAL SETUP AND METHODOLOGY 
 
71 
 
3.3 STANDARDISATION OF PROCESS PARAMETERS 
The research detailed in this thesis investigates the effects of changing process 
parameters and FHPP weld geometry on static and dynamic properties and is by 
nature exploratory. Testing every combination, while adding multiple repetitions for 
tensile and fatigue tests, would produce an inextricably large matrix. This would be 
the case even using statistical methods to reduce the number of tests, which 
would be far beyond the scope of this work. Therefore, different geometrical 
combinations were tested, whilst varying the downward force for each geometrical 
combination as this had been determined by previous work to be the most 
important parameter [23]. Rotational speed and effective plunge depth were kept 
constant. 
After conducting research on the main factors governing the integrity of FHPP 
welds, certain parameters and geometrical variations were identified as critical. As 
discovered by various researchers [5] [20] [22] [25] [53] [55] [56] [57] [68], downward force is an 
important factor which has a significant effect on tensile strength and weld quality, 
and will be included as a variable parameter in this research. Hole taper angles 
have been shown to influence the yield strength, tensile strength and impact 
toughness of FHPP welds and may also produce varying results with respect to 
fatigue performance. The effects of stud taper angle have not been investigated 
for fixed hole taper angles, hence are still unknown. It is hypothesised that stud 
taper angle has a significant effect on the integrity of FHPP welds and that 
different tapers will be required for different hole taper angles. Another important 
geometrical variation is the hole diameter relative to the stud size, which has been 
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shown to effect the bend strength of parallel-sided welds [27], however, no research 
has been conducted on hole diameters of tapered welds. 
The main matrices therefore consisted of the following: downward force matrix, 
hole taper angle matrix and hole diameter matrix. The geometrical matrices were 
then streamlined by first performing welds which were subjected to macro and 
micro analysis and eliminating welds where a defect larger than 1/32” (≈0.8mm) 
was observed, as per ASME IX pressure vessel code [85], and the satisfactory 
downward force and geometry combinations were selected and repeated for 
fatigue testing.  
FHPP tests performed by Wedderburn [5] on 10CrMo910 steel alloy showed no 
appreciable difference in welds with speeds ranging from 5000rpm to 7200rpm. 
This was possibly partly due to the fact that the motor could not maintain a 
constant speed of more than about 5500rpm during welding. The same friction 
welding platform is used in this study. Also, since rotational speed was shown to 
have the lowest effect of all the parameters on FHPP welds performed by Bulbring 
[23] it was decided that a constant speed of 5000rpm would be used for all tests. 
Previous FHPP welds of a similar size performed on AISI 4140 steel showed that 
a rotational speed window of between ≈ 4000 - 6000rpm produced satisfactory 
welds [20].  
3.3.1  FHPP PLUNGE DEPTH APPROXIMATION METHOD 
Standardisation of the plunge depth was required as a constant plunge depth 
could not be used for all the different geometries. Each geometrical combination 
would require a specific plunge depth to ensure that sufficient plasticised material 
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was produced to fill the hole and produce adequate bonding along the entire 
length of the hole. Therefore, a methodology had to be developed to approximate 
the required plunge depth across the range of different geometries in such a 
manner that plunge depth in itself would not be a contributing factor towards the 
quality of the weld. Various methodologies of approximating plunge depths were 
developed based on physical elements that could be quantified. These include 
contact between the stud and the hole, energy inputs, the geometry of the flash 
and the area of the hole. Taking these elements into account, the following 
methodologies were developed: stud contact method, energy approximation 
method, flash geometry approximation method and the volume-area 
approximation method. 
The simplest method would be to calculate the required plunge depth that would 
bring the stud into contact with the rim of the hole called the stud contact method 
as shown in Figure 3-7. Unfortunately, in most cases the plunge depth required 
would become excessive, especially for smaller stud and hole taper angles, so this 
method was deemed not to be satisfactory.  
 
Figure 3-7: Schematic showing the stud coming into contact with the hole with the stud 
contact method 
Consumable stud 
 
Contact position at edge of tapered hole 
 
Hole  
 
Theoretical position of the stud ignoring 
plasticisation 
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The energy approximation method quantifies the amount of energy input into a 
weld as a ratio of the hole volume or hole surface area. Since the energy input into 
a weld could not be accurately approximated before actually completing a FHPP 
weld, such a method could not reasonably be used since all FHPP weld tests 
would have to be performed twice where; the first test would require an excessive 
plunge depth to determine the correct plunge depth to induce the correct amount 
of energy input and then the actual weld would be repeated with the correct plunge 
depth to produce the correct amount of energy. Secondly, the energy input varies 
with downward force [23] [68]. Thirdly, seemingly identical welds can produce 
significantly different energy inputs, as will be discussed in Section 4.2.2, and 
could affect reliability of the measurements. 
The flash geometry approximation method involves filling the hole and then 
plasticising a specific volume of excess stud material (flash) which would then be 
quantified as a ratio of the hole diameter and the flash volume determined 
mathematically. This method proposes that the volume of excess plasticised 
material (flash) displaced during a weld is proportional to the third power of the 
hole opening diameter. Volumetrically speaking, the amount of flash produced is to 
remain proportional to the hole opening diameter for a given weld. Unfortunately, 
this method does not take the hole depth into account, and is therefore not 
recommended to compare geometries with different hole depths.  
The volume-area approximation method, or volume-area coefficient abbreviated 
as V,Acoef, states that the volume of excess displaced material (flash volume) is 
proportional to the area of the hole. The flash volume is simply the amount of 
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primary and secondary flash accumulation above the hole. The rationale behind 
this method is that the hole interface is where bonding takes place, therefore the 
volume of excess displaced material must be constant to create consistent 
bonding. The plunge depth required to create a predetermined volume of 
displaced material can be approximated, either mathematically, or using CAD 
software. The formula required to calculate the volume of excess displaced 
material (flash volume) is shown in Equation 5 and is depicted in Figure 3-8. A 
negative value implies that the hole is not yet filled. This value is calculated for a 
range of plunge depths to determine the correct plunge depth to fill the hole and 
then obtain the V,Acoef. The V,Acoef is simply the ratio of flash volume to original 
hole surface area as described in Equation 6. Figure 3-9 shows a plot of the 
calculated V,Acoef of a standard 20° hole and 15° stud configuration for a range of 
plunge depths. 
 
                                                                      
 
        
            
                          
 
Equation 5 
 
Equation 6  
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Figure 3-8: Schematic showing the calculation of the hole volume and volume of displaced 
stud material  
 
 
 
Figure 3-9: An example of V,Acoef for a range of plunge depths  
 
 
However, before developing a methodology to approximate the plunge depth for 
different geometries, an adequate plunge depth had to be determined for the 
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geometry in medium carbon steel, but in 16mm deep holes, it was discovered that 
higher plunge depths produced the highest tensile strength. It was therefore 
initially assumed that higher plunge depths would also produce the best FHPP 
welds in 10CrMo910 steel. Wedderburn [5] had, however, already produced 
satisfactory welds in 10CrMo910 steel using a relatively low plunge depth of 6mm 
in comparison to welds in AISI 4140 steel which used a maximum of 8mm plunge 
depth [20]. The relative geometries are shown as a comparison in Figure 3-10. By 
means of calculating the equivalent plunge depth for 10CrMo910 steel FHPP 
welds using the volume-area approximation method, a plunge of 11,5mm was 
determined for V,Acoef  of 1.62. Figure 3-11 shows two otherwise identical welds 
performed using plunge depths of 6mm and 11.5mm, labelled as P6S and P11.5S 
respectively. No advantages of using high plunge depths were apparent, however, 
a relatively dark band was observed with a plunge depth of 11,5mm which was 
deemed undesirable as indicated in Figure 3-11b. Figure 3-12 shows a hardness 
comparison taken vertically along the weld axis. For weld P11.5S, a hardness 
peak was observed at the 7mm and 8mm positions, although these positions were 
by no means the hardest.      
 
Table 3-1: Process parameters used for FHPP welds to test the influence of plunge depth  
 
Weld ID Input 
downward 
forces (kN) 
Average 
downward 
force (kN) 
Rotational 
speed (rpm) 
Input plunge 
depth (mm) 
Forge force 
(kN) 
Forge 
duration (sec) 
P6S 15 14.1 5000 6 14.8 20 
P11.5S 15 14.4 5000 11.5 19.1 20 
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Figure 3-10: Comparison between geometries of tests performed on a) AISI 4140 
[20] [23]
 and 
b) 10CrMo910 
 
 
    
Figure 3-11: Macrographs of FHPP welds etched in 2% Nital with final shear interface shown 
in white using a plunge depth of: a) 6mm [P6S], b) 11.5mm [P11.5S], respectively. A narrow 
dark band was observed for sample P11.5S as indicated in b).  
 
a) b) 
a) b) 
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Figure 3-12: Hardness comparison between a plunge depth of 6mm [P6S] and 11.5mm 
[P11.5S] taken vertically along the weld axis with hardness band indicated 
 
 
Inclusions have been shown to precipitate to the bond line during FHPP welding 
[22] and are thought to therefore also precipitate to the shear interfaces. Owing to 
the fact that the vertical movement of the interface slows down, such high plunge 
depths may not be desirable as inclusions could possibly weaken the weld along 
the final interface. Also, localised areas of hardness may produce stress notches 
which may be susceptible to fatigue. Finally, higher plunge depths would increase 
the energy required and would make welds less energy efficient. It was therefore 
decided that 6mm was appropriate and would be used as a basis for all plunge 
depth approximations. The V,Acoef for a 6mm plunge depth is approximately 0.33 
as depicted in Figure 3-9 and was used for all welds in this work.  
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3.3.2  FHPP FORGE FORCE APPROXIMATION METHOD 
A similar method was also required to approximate the forge force for each 
geometrical combination which would produce a constant pressure for each weld 
so that it would not become another contributing parameter. The first step was to 
determine an adequate starting point. 
It is stated that forge force is an important parameter governing the quality of 
FHPP welds, although it may only have an effect on the upper regions of the weld 
e.g. [25]. To verify the effect on 10CrMo910, two welds were performed using a low 
and a high forge force of 2.7kN and 33.7kN (which gave normal pressures of 
8MPa and 100MPa respectively), whilst keeping all other parameters constant. 
These are referred to as Fg-L (low forge force) and Fg-H (high forge force) as 
shown in Figure 3-13. In both cases, defects were observed along the fusion line 
at around 2-12mm below the top surface. No clear evidence of improved bonding 
along the length of the sidewall was observed with the higher forge force. The low 
forge force weld (Fg-L) showed significant defects along the fusion line on the left 
side, as shown in Figure 3-13a-i. The high forge force weld (Fg-H) showed defects 
on the fusion line on both sides of the weld, as shown in Figure 3-13b-i,ii. It 
therefore appeared that there was no obvious discernable difference in bonding 
along the fusion line, even near to the top of the weld. It is also difficult to compare 
the occurrence of defects between two welds, as the defects are not perfectly axis-
symmetrical and may not necessarily fall on the chosen vertically sectioned plane 
of the weld. Therefore, caution must be exercised when comparing the occurrence 
of defects in this manner. 
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An obvious difference, however, was seen in the flash formations. The higher 
forge force produced a better consolidation between the primary and secondary 
streams of flash with the vertical lack of consolidation defect observed with the low 
forge force weld (Figure 3-13a-ii) no longer apparent with the high forge force 
weld. This does, therefore, show that a minimum forge force is required to 
consolidate the flash streams at the top of the weld. A Vickers microhardness test 
performed horizontally across both welds at 5mm below the top surface, which 
was chosen as this was the depth where the defects occurred, showed no 
significant difference in hardness, as shown in Figure 3-14. Therefore, it would 
seem that the forge force does not have any significant role to play in the hardness 
of 10CrMo910 steel FHPP welds or bonding at the middle to lower regions of the 
weld but is important in ensuring that FHPP welds are consolidated properly.  
Table 3-2: Process parameters used for FHPP welds to test the influence of forge force 
 
Weld ID Input 
downward 
forces (kN) 
Average 
downward 
force (kN) 
Rotational 
speed (rpm) 
Input plunge 
depth (mm) 
Forge force 
(kN) 
Forge duration 
(sec) 
Fg-L 15 14.2 5000 6 2.7 20 
Fg-H 15 14.2 5000 6 33.7 20 
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Figure 3-13: Macrographs of FHPP welds etched in 2% Nital using a low and high forge 
force of: a) 2.7kN [Fg-L] and b) 33.7kN [Fg-H], respectively 
 
 
Figure 3-14: Hardness comparison between a low [Fg-L] and a high forge weld [Fg-H] taken 
at a depth of 5mm below the top surface 
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Another approach was therefore required to determine the appropriate standard 
geometry forge force. If one assumes that FHPP welding is a forging process, then 
a minimum forging pressure of about 50MPa is required for alloy steels using low 
strain rates at temperatures above 1200°C e.g. [86]. Assuming that the forging 
pressure is relative to the horizontal cross-sectional area of the contact area 
between the stud and the plasticised material along the top surface as shown in 
Figure 3-15, the appropriate forge force could be calculated for any geometry as 
per Equation 7. This pressure was then used for all FHPP welds, regardless of the 
geometry. 
  
  
 
Where:  
F = force acting on the stud (N) 
P = normal pressure on the contact area of the stud (N/mm2) 
A = area of the stud cross-sectional area where contact occurs (mm2) 
 
 
Figure 3-15: Schematic of stud cross-sectional area used to calculate the forge force for 
different geometries 
   
Stud cross-sectional 
contact area  
Equation 7 
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3.4  FHPP WELD ANALYSIS  
Figure 3-16 presents a schematic layout of the overall process analysis 
methodology which was used to analyse the FHPP welds. Welds for metallurgical 
evaluation were sectioned, polished and etched with 2% Nital and included all of 
the process data and metallurgical analysis. Once specific welds were chosen 
based on passing a metallurgical examination and showing no defects larger than 
≈0.8mm, then fatigue tests were performed which also included all of the process 
data (except the near interface temperature analysis). The platform utilised in this 
study used displacement as a process control variable and weld time was 
therefore a dependant variable mainly influenced by selected process parameters 
and weld geometry. In order to produce repeatable displacements, care was taken 
to ensure that all the samples had consistent geometries, which was achieved by 
using CNC milling and turning machines to fabricate the parts. 
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Figure 3-16: Process analysis methodology 
 
3.4.1 TEMPERATURE MEASUREMENT 
Thermocouple pockets were drilled in all samples used for metallurgical analysis 
to measure near interface temperatures using N-type thermocouples, as shown in 
Figure 3-17. The distance between the tip of each thermocouple and the hole 
interface was kept constant at 2.5mm. The measurement point at 27.5mm was 
only included for the downward force matrix as the collapsing plasticised material 
below the weld would entrap the thermocouples which would usually be destroyed 
during removal.  
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Figure 3-17: Thermocouple hole positions for welds subjected to metallurgical analysis 
 
 
3.4.2 TORQUE MEASUREMENT AND ENERGY CALCULATION 
The torque response was measured for all of the samples tested, including tensile 
and fatigue tests. The points of interest are the touchdown torque, maximum 
process torque and braking phase, which were determined as illustrated in Figure 
3-18. The touchdown torque is a phenomenon of the cold start-up as discussed in 
Section 2.4.1.4 and is common with RFW. The maximum process torque is the 
maximum torque measured during the weld process, excluding the touchdown 
torque and the 4th stage/braking phase torque. The process torque also allows for 
approximation of the total energy input as shown previously in Equation 1, 
Equation 2 and Equation 3 (see Section 2.4.1.2.1).  
 
Figure 3-18: An example of a torque response of a FHPP weld showing the different torque 
points 
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3.4.3 METALLURGICAL ANALYSIS AND HARDNESS TESTING 
Table 3-3: Weld coupon and stud material chemical compositions (wt%) 
 
Material C Mn Si Cr Mo V Al Ni 
10CrMo910 
(weld coupon) 
0.12 0.46 0.26 2.15 0.99 0.013 0.04 0.085 
10CrMo910 
(stud) 
0.12 0.62 0.29 2.13 0.93 0.014 0.026 0.052 
 
The chemical compositions of the weld coupons and studs used in this study are 
shown in Table 3-3. Welds were subjected to a metallurgical evaluation, and were 
sectioned vertically through the weld axis with hardness indentations made as 
shown in Figure 3-19. An automatic Vickers microhardness testing machine was 
used with a loading force and dwell time of 300gf and 15 seconds, respectively 
according to British Standard BS EN1043-1:1996 [87]. Although no hardness testing 
standard exists for FHPP welding, this standard for arc welding was used as a 
guideline. For example: hardness indentations should be placed within 2mm from 
the top surface of a butt weld, hence the horizontal line at a depth of 1.5mm. Also, 
indentations should be within 0.5mm of the bond line, which is why the spacing’s 
of the indentations of the horizontal lines in the region of the hole/bond line are 
reduced to 0.5mm as shown.  
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Figure 3-19: Hardness indentation profile 
 
 
 
3.4.4 TENSILE AND FATIGUE TESTING METHODOLOGY 
Various tensile and fatigue testing methodologies were discussed before 
commencing testing. Tests where the sample reduced section width is narrower 
than the weld might skew the results, for example, a horizontally orientated round 
sample taken perpendicularly to the hole axis. The positions of localised defects 
could greatly affect the results, depending on whether or not these fall within the 
reduced section.  
It was therefore decided that rectangular samples would be used as shown in 
Figure 3-20. The width of the entire weld nugget would be included in the reduced 
section and include ligaments on either side. Therefore, if any defects were 
present in the FHPP weld at the same level, these would be included in the 
sample. Unfortunately, a fatigue testing platform which would have the force 
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capacity to test the entire weld was not available, so three samples were extracted 
from each FHPP weld and were designated as: top, middle and bottom. As the 
test coupons supplied were 120x120x30mm and the weld size fixed, other tensile 
and fatigue sample geometries were constrained. Most fatigue testing was 
performed on a Zwick Amsler 250 vibrophore magnetic resonance fatigue testing 
platform, except where stated. All fatigue tests in this study used an R-ratio of -1 
and a maximum stress of 260MPa which is 67% of the parent materials yield 
strength. 
 
Figure 3-20: Schematic of rectangular tensile and fatigue samples 
 
 
Some development work was performed on the fatigue sample geometries to 
reduce the stress concentrations by first performing FEA on 3-dimensional CAD 
models and then testing parent material samples. Elliptical fillets were chosen over 
round fillets as these reduce stress concentrations are less prone to failing from 
the corners. The fatigue sample geometrical variables are shown in Figure 3-21. 
The ratio of the reduced section width (W) to the original hole diameter (D), which 
determines the ligament width, was chosen to be as small as possible to reduce 
the overall width and was kept constant for all samples. Since all the welds used a 
tapered geometry, the original hole diameter (D) would be largest at the top and 
Top  
 
Middle 
 
Bottom 
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smallest at the bottom. The top sample would therefore have the largest reduced 
section width and the bottom would have the smallest. The ratio of W/D was 
chosen to be 1.25. The same methodology was used for the grip section width (C) 
which was chosen to be as 1.15 times the reduced section width (W). Ideally, 
according to ASTM E466-M, C should be at least 1.5 times W but this was not 
possible with the short coupon size. The reduced section length (A) was chosen to 
be the predicted width of the HAZ at the same level. Since (D), (B), (A), (L), (W) 
and (C) were all fixed, the large radius (R) and small radius (r) were thereby 
dependant. 
 
Figure 3-21: Fatigue sample geometry 
 
3.5 WELD MATRICES 
Based on the literature survey and preliminary welds it was decided to compare 
downward force, taper angles and hole base diameters. The results of the 
matrices will be evaluated and compared to process responses to characterise the 
influences on weld integrity. 
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3.5.1  DOWNWARD FORCE MATRIX 
At the commencement of this research, all FHPP welds used a 15° stud taper 
angle, a 20° hole taper angle and a hole base diameter of 10mm as shown in 
Figure 3-22. It was therefore decided that this geometry would be used as a 
starting point for the weld matrices and may be referred to as the standard 
geometry. The main parameter governing FHPP welds was determined to be 
downward force and its effect on 10CrMo910 welds was not fully understood. 
Therefore, the effect of downward force on the standard geometry was identified 
as the first matrix. Depending on the outcomes of these welds, the force window 
for the taper angle and hole diameter matrices would be chosen. Since 15kN was 
the lowest force that could possibly create a defect free weld according to 
Wedderburn [5], this was used as the lowest force as shown in Figure 3-23. The 
subsequent welds were increased by 5kN increments up to 35kN.  
 
Figure 3-22: Standard geometry of stud and hole  
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Figure 3-23: Methodology used to determine downward force for subsequent matrices 
 
 
3.5.2 HOLE TAPER ANGLE MATRICES 
Since a hole taper angle of 20° had been successfully used at the NMMU, it was 
decided that the hole taper angle would be both increased and decreased to 
determine which would produce satisfactory welds. Thomas and Nicholas [21] had 
initially added tapers to FHPP welds for materials with a “lesser tendency to 
extrude” but also stated that if the taper angles were too large, the frictional 
interface would not “climb”. It would therefore appear that although taper angles 
are beneficial, there is definitely also a limit to the hole taper angle that can be 
used effectively. The taper angles were chosen to be 5° higher and lower than the 
standard geometry, namely: 15°, 20° and 25°. The 15° stud taper angle, which 
was previously used and was known to give satisfactory results in conjunction with 
a 20° hole taper angle, constitutes 75% of the hole taper angle. Some welds had 
been performed on similar materials at the NMMU, which used slightly larger stud 
taper angles with a 20° hole, and had achieved satisfactory results as mentioned 
briefly by Bezuidenhout et al [1]. On the other hand, it appeared as though Meyer 
Choose force 
window for fatigue 
tests 
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[27] used a 10° stud taper angle and a 20° hole taper angle (Type D geometry as 
discussed in Section 2.4.1.3) which gave favourable tensile and impact test results 
on a different steel alloy. In order to establish geometrical windows that would give 
satisfactory FHPP welds for 10CrMo910 steel, stud taper angles were chosen 
which had smaller and larger taper angles. For each hole taper angle, three stud 
taper angles were chosen using a fixed ratio of the hole taper angle (namely 50%, 
75% and 85%). Then each geometrical combination was tested at three different 
downward forces predetermined in the downward force matrix which would be 
referred to as low, medium and high. The test methodology used for the 15°, 20° 
and 25° hole taper angle matrices is shown in Figure 3-24. A maximum defect size 
of 0.8mm was used as per ASME IX [85] as selection criteria for fatigue testing to 
reduce the number of tests (no fatigue testing performed on welds with defects 
>0.8mm). 
 
 
 
Figure 3-24: Test methodology used for 15°, 20° and 25° hole taper angles 
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3.5.3 HOLE DIAMETER MATRIX 
The third matrix evaluated the effects of hole diameter. Standard geometry formed 
the basis for welds with a hole base diameter of 10mm, 1mm larger than the stud 
base diameter. The hole base diameter was then increased by 1mm to 11mm. 
Depending on the results of metallurgical examination, either a smaller or larger 
hole diameter would be chosen for further testing. The methodology used to test 
different hole diameters is shown in Figure 3-25. The downward force was also 
varied for each hole base diameter (although for hole base diameters larger than 
the standard 10mm, 15kN was not included based on the results of the downward 
force matrix as discussed in Chapter 4). The defect tolerance of 0.8mm was used 
as per ASME IX [85].  
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Figure 3-25: Test methodology used to test different hole base diameters 
 
3.6 SUMMARY 
This chapter describes the research platform used for friction hydro pillar 
processing in this study. A specialised loadcell was designed, implemented and 
calibrated to allow for accurate verification of forces and measuring of the torque 
5  3  
CHAPTER 3: EXPERIMENTAL SETUP AND METHODOLOGY 
 
96 
 
response during welding. Process responses, metallurgical analysis and 
mechanical testing used to characterise FHPP welds are described. Testing 
methodologies were included to identify the appropriate downward force window 
for geometrical testing and reduce the number of samples for fatigue testing. 
Appropriate tensile and fatigue sample geometries were identified. Methods for 
standardisation of plunge depth and forge force were developed and will be used 
to choose the appropriate values for different geometries.  
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CHAPTER 4: DOWNWARD FORCE 
MATRIX 
4.1 INTRODUCTION 
The full useable force range of the platform was used to determine the effect of 
downward force on weld quality of the standard geometry before commencing 
testing with the proposed geometrical variations. Chludzinski et al [22] had for 
example used forces from 25kN up to 400kN on C-Mn steel with no major variation 
in fracture toughness, however with a much lower rotational speed of 1550rpm. 
The highest toughness and lowest scatter was, however, recorded at 50kN which 
shows that the excessive forces may not be desirable. In other tests performed by 
Hattingh et al [20] on AISI 4140 steel, it was found that for a range of between ≈10-
28kN, the maximum tensile strength was achieved at about 10kN. From previous 
work, there appears to be a relationship between rotational speed and downward 
force. Hattingh et al [20] proposed that low rotational speeds require a 
corresponding higher downward force to produce satisfactory welds. Additionally, 
different steel alloys appear to require different downward force magnitudes. The 
optimum range of forces to be used for 10CrMo910 FHPP welds could not be 
accurately determined from work done on other alloys and would have to be tested 
empirically. The maximum safe force capability of the friction welding platform 
used was 35kN limiting the downward force matrix to this value.   
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4.2 RESULTS OF DOWNWARD FORCE MATRIX 
Table 4-1 shows the process parameters of the FHPP welds performed for initial 
metallurgical analysis. The process responses such as energy input, average 
energy input rate and weld time have also been included which will be discussed 
with the torque data in Section 4.2.2 while the defect measurements will be 
discussed in Section 4.2.1. As with all welds, a preheat temperature of between 
204°C and 250°C (as outlined by EPRI [2]), and forge pressure of 50MPa (as per 
Section 3.3.1) was used. No post weld heat treatment was used. Each weld is 
identified by the letters DF, short for downward force, followed by the downward 
force used (e.g. DF-15 is an FHPP weld in the downward force matrix using a 
force of 15kN). The downward force was increased in 5kN increments from 15kN 
to 35kN. 
 
Table 4-1: Process parameters and responses for the downward force matrix 
 
Weld 
ID 
Input 
downward 
force (kN) 
Average 
downward 
force (kN) 
Rotational 
speed (rpm) 
Input plunge 
depth (mm) 
Total energy 
input (kJ) 
Average energy 
input rate (kJ/s) 
Weld time 
(sec) 
Defect 
measurement 
(mm) 
DF-15 15 14.4 5000 6 318 5.9 53.8 2.94 
DF-20 20 20.0 5000 6 280 6.9 40.7 0.28 
DF-25 25 24.6 5000 6 278 7.8 35.8 0.7 + 0.5 
DF-30 30 29.6 5000 6 277 8.3 33.5 <0.4 
DF-35 35 34.9 5000 6 239 8.9 26.9 <0.4 
Multiple defects marked as “+” 
 
4.2.1 MACRO, MICRO AND HARDNESS ANALYSIS 
The flash formations of each weld were documented and are shown in Figure 4-1. 
These are the formations of excess plasticised material that collect above the hole. 
The primary flash material consists of the stud material that forms the inner ring, 
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while the secondary flash is the displaced parent material and forms around the 
inner flash. The first observation was that the secondary flash formation was not 
axis-symmetrical. Regions of little or no secondary flash were observed as 
indicated in the Figure 4-1a & b. At 15kN (DF-15) the secondary flash is almost 
non-existent in places, but with each increase in force this region shows a 
corresponding increase in flash formation and overall symmetry. This lack of 
secondary flash was linked to weld quality as flash can be viewed externally and 
could be an advantageous early indicator for classifying weld quality. 
  
  
Figure 4-1: Flash formations of standard geometry welds: a) DF-15, b) DF-20, c) DF-25, d) 
DF-30 and e) DF-35 
 
Figure 4-2 shows the etched macrographs of FHPP welds at different downward 
forces while Figure 4-3 shows the associated defects of the respective welds as 
indicated in Figure 4-2. Upon microstructural examination a gross lack of bonding 
can be observed with sample DF-15 (Figure 4-3a) which is some 2.9mm in length, 
which is significantly larger than the 0.8mm proposed by ASME IX [85] and is 
accepted as a selection criterion for this study. This is attributed to a lack of 
pressure during welding required to maintain consistent contact between the 
a) b) c) 
e) d) 
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plasticised stud material and the sidewall during rotation. With all the other welds 
defects smaller than 0.8mm were observed along the bond line. The dark bands 
evident on the macrographs in Figure 4-2 are hard phases and are not voids or 
similar types of defects. 
   
  
Figure 4-2: Macrographs of standard geometry FHPP welds etched in 2% Nital with 
positions of defects shown in Figure 4-3 indicated for samples: a) DF-15, b) DF-20, c) DF-25, 
d) DF-30 and e) DF-35  
   
  
Figure 4-3: Defects observed along the bond line for: a) DF-15, b) DF-20, c) DF-25, d) DF-30 
and e) DF-35. (a) etched in 2% Nital, all others unetched)  
a) b) c) 
e) d) 
5mm 
5mm 
a) b) c) 
e) d) 
5mm 5mm 
5mm 
5mm 
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Figure 4-4 shows the hardness measurements of the FHPP welds using different 
downward forces at 1.5mm below the top surface. No major overall differences in 
hardness are evident with the exception of sample DF-35 which shows a drop 
towards the center. This is because the HAZ of the stud material is smaller for the 
higher downward forces due to a shorter weld time and lower total energy input. 
Table 4-1 shows the total energy inputs, average energy inputs and weld times for 
each weld. The average energy input rate increases with downward force but the 
total energy input increases with a decrease in downward force due to lower weld 
times. This will be discussed in more detail in Section 5.5. 
 
 
Figure 4-4: Vickers microhardness measurements at 1.5mm below the top surface for FHPP 
samples DF-15 to DF-35 with the red dotted line indicating the approximate position of the 
bond line 
4.2.2 TORQUE AND ENERGY INPUT ANALYSIS 
Figure 4-5 shows the torque responses at different downward forces. The general 
shape is similar for all of the welds but the magnitude increases with force. This 
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increase is the same as observed by Hattingh et al [20] and is attributed to an 
increase in average energy input rate (which is directly related to torque 
magnitude) required to create shear at lower metal interface temperatures. There 
also appears to be an increase in Braking Phase/4th Stage torque which makes 
sense since higher forces would cause rotation to halt more quickly and hence 
increase the resistant torque. The touchdown torque is clearly visible at 100Hz and 
occurs within the first second of rotation. The weld torque regions proposed by 
Hattingh et al [20] can also be identified although these are slightly different. For 
example, DF-25 shows an increase up to a maximum point at about 13.7 seconds 
before exhibiting a sudden drop which is however, lower than the torque drops 
reported by Hattingh et al [20]. Whether this is due to a difference in alloys, or 
geometry, is unclear. A final smooth degradation of torque occurs with the shear 
dominated phase after a transitional heat-shear transition phase. 
 
 
Figure 4-5: Torque responses of welds at different downward forces. The values of the 
braking torque are included in the boxes. 
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Figure 4-6 shows the maximum process torque measurements ignoring the 
braking torque for all the welds in the downward force matrix, and includes the 
welds used for tensile and fatigue tests. This torque increases with downward 
force but appears to taper off towards 35kN which may suggest that the maximum 
possible process torque occurs at 35kN or at some force beyond that, although 
this is obviously not confirmed. This is attributed to shear happening more 
spontaneously as the higher downward force contributes to a higher shear stress 
and the required temperature for shear to occur is therefore lower. This may have 
design implications when it comes to selecting motors for FHPP welding platforms 
as a motor will need to exceed this torque at a relatively high speed of 5000rpm to 
avoid stalling. It is also clear that the weld time decreases with increasing force as 
discussed by Meyer [27] and explains why the total energy input is lower for high 
forces, even though the energy input is higher.   
 
 
Figure 4-6: Maximum process torque and weld time as a function of downward force 
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The R2 values in Figure 4-6 are indicative of the repeatability of the process. An R2 
value of 0.94 for the relationship between downward force and weld time is quite 
high indicating a strong relationship. There is, however, still a significant amount of 
deviation and this is attributed to physical factors such as: differences in chemical 
compositions and geometrical dimensions of the studs, and the dynamic 
characteristics of each weld. These dynamic characteristics of the process also 
appear to have a large effect on the variation in maximum weld torque giving an 
R2 value of 0.79. Torque is influenced by the localised temperature of the stud 
material, chemical composition, variation in setup such as concentricity and axial 
alignment, and the size and shape of the respective shear layer. All of these 
factors play a role in determining the repeatability of the process and should be 
controlled as accurately as possible. This lack of repeatability is evident in the 
variation of fatigue life in the FHPP welds in this section, which is assumed to be 
largely defect-related, as shown in Section 4.2.5. It therefore follows that the 
combination of process parameters and geometry should be carefully chosen 
which will not be so prone to repeatability issues.  
4.2.3 TEMPERATURE ANALYSIS 
Figure 4-7, Figure 4-8, Figure 4-9, and Figure 4-10 show the temperature 
responses for positions 2.5mm, 11,5mm, 20.5mm and 27.5mm respectively, for 
different downward forces. The rate of temperature climb increases with downward 
force and is clearly seen at 2.5mm and 11.5mm. A higher force gives a higher 
average energy input rate which is mirrored by steeper temperature gradients. In 
comparison, Meyers [27] work also shows that a higher force induces a steeper 
temperature climb at all positions. However, at 20.5mm and 27.5mm, there is little 
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change in gradient between the welds with sample DF-25 showing the steepest 
temperature climb. This is somewhat contrary to what might be expected, and is 
different to the two upper measurements. This may be as a result of the interplay 
between energy input rates and the movement of the shear interface away from 
these measurement positions, although this is not confirmed.  It could also be due 
to differences in thermocouple tip distances relative to the hole due to inaccurately 
drilled holes which will affect measurements due to large temperature gradients in 
the weld. The delay in temperature climb at 15kN may be as a result of the lower 
energy input rates as it would take longer for heat to be generated and conducted 
to the thermocouple, which is expected. A similar delay is evident at 35kN but this 
may be due to the frictional interface moving quickly away from the bottom of the 
hole delaying heat conduction to the thermocouple.  
 
Figure 4-7: Temperature response at 2.5mm as a function of time for different downward 
forces  
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Figure 4-8: Temperature response at 11.5mm as a function of time for different downward 
forces 
 
 
Figure 4-9: Temperature response at 20.5mm as a function of time for different downward 
forces 
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Figure 4-10: Temperature response at 27.5mm as a function of time for different downward 
forces 
 
Figure 4-11 shows the plunge depths for the different downward forces. At 35kN, 
the plunge depth increases more sharply than the others to about 1.25 mm within 
4 seconds before becoming more stable. Since the frictional interface moves 
upwards at a rate which is faster than the plunge depth, due to continual 
deposition of plasticised material below the interface [21], the actual interface will be 
further than 1.25mm away from the bottom of the hole and is significantly more 
than the other FHPP welds. This appears to explain the delayed temperature 
measurements. Also, the difference in average energy input rate between 25kN 
and 35kN is not as large as the difference between 15kN and 25kN as shown in 
Table 4-1 with differences of 1.1kJ/s and 1.9kJ/s respectively. So, because the 
difference in average energy input rates between welds at 25kN and 35kN is not 
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away from the bottom of the hole, which may show why DF-25 has the highest 
temperature climb at the two lower positions. 
 
Figure 4-11: Plunge depth as a function of time for different downward forces 
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what Meyer observed [27]. For both top and bottom positions of the 15kN welds, the 
average energy input rate is lower and therefore the rate of heat generation is 
lower which allows heat conduction to the surrounding material to be higher due to 
longer weld times, and this leads to flatter temperature gradients. The difference in 
temperature between the two measurements at 2.5mm for 15kN welds can be 
attributed to the different positions of the secondary flash formations, which 
effectively act as a heat sink. The proximity to the thermocouple positions would 
likely have an effect on measurements. Low force welds have sporadic secondary 
flash formations as discussed in Section 4.2.1. Investigation indeed revealed that 
the weld with the higher temperature measurement had a larger concentration of 
secondary flash near the position of the thermocouple.  
At the 20.5mm position the temperatures were relatively constant and the lowest 
observed but also showed a similar trend to the top and bottom positions with a 
maximum temperature at about 25kN. The relatively consistent temperatures for 
different forces would appear to indicate similar bonding properties which will be 
shown to produce consistently good fatigue properties in Section 4.2.5. At the 
11.5mm position, the lowest temperature occurred at 15kN, increased somewhat 
at 20kN and then again at 25kN before becoming relatively stable up to 35kN. The 
relatively low temperatures at 15kN may be linked to a lack of contact between 
plasticised stud material and the side of the hole, and lower heat generation rates 
which appears to be supported by the occurrence of bonding defects at this level, 
as shown in Figure 4-3a.   
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Figure 4-12: Maximum temperatures measured at various positions as a function of 
downward force with low temperatures at the 11.5mm position at around 15kN linked to 
defects along the bond line 
 
4.2.4 TENSILE ANALYSIS 
Tensile and fatigue tests were performed using downward forces of 15kN, 25kN 
and 35kN respectively and are designated as low, medium and high (e.g. sample 
STL1 = Standard tensile low downward force sample #1). The tensile test results 
are shown in Table 4-2 and plotted in Figure 4-14. All tensile tests failed outside 
the weld nugget in the parent material as shown in Figure 4-13, with similar tensile 
strengths compared to the parent material samples with little variation in strength,. 
This was also the case with welds at 15kN even though at this force welds have 
been shown to exhibit significant defects such as shown in Figure 4-3a. Based on 
these results, no further tensile testing was performed for subsequent geometries 
as it is probable that little valuable information could be extracted. Furthermore, 
there were insufficient samples to perform both tensile and fatigue tests. 
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Table 4-2: Summary of tensile test parameters and results 
 
Weld ID Hole 
taper 
angle (°) 
Stud 
taper 
angle (°) 
Input 
downward 
force (kN) 
Average 
downward 
force (kN) 
Forge 
force 
(kN) 
Rotational 
speed 
(rpm) 
Input 
plunge 
depth 
(mm) 
UTS Top 
(MPa) 
UTS 
Middle 
(MPa) 
UTS 
Bottom 
(MPa) 
STL1 20 15 15 15.2 17.7 5000 6 538 541 531 
STL2 20 15 15 14.8 17.6 5000 6 538 546 528 
STM1 20 15 25 25.0 17.2 5000 6 535 537 529 
STM2 20 15 25 24.5 17.0 5000 6 539 541 533 
STH1 20 15 35 35.4 17.1 5000 6 537 538 524 
STH2 20 15 35 35.3 17.0 5000 6 530 543 525 
Parent material test T1 T2 T3       
UTS (MPa) 527 525 520       
 
 
 
Figure 4-13: Etched tensile samples showing position of failure in the parent material 
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Figure 4-14: Ultimate tensile strength as a function of downward force for top, middle and 
bottom positions 
 
4.2.5 FATIGUE ANALYSIS 
Table 4-3 shows the parameters and results of the fatigue tests in the downward 
force matrix using the same low, medium and high force designation as the tensile 
tests (e.g. sample SFL1 = Standard fatigue low force sample #1), while the results 
are plotted in Figure 4-15. An R-ratio of -1 was used with a maximum stress of 
260MPa and represents 67% of the yield strength of the parent material. The 
samples where failure occurred within the FHPP weld are indicated as hollow 
points whereas all other tests failed in the parent plate. Most tests showed 
lifetimes similar to those of the parent material samples with values over 105 
cycles, with the exception of the middle samples using a downward force of 15kN. 
All middle samples using a downward force of 15kN failed along the bond line with 
three out of four samples exhibiting significantly reduced lifetimes of below 20x103. 
On average, the fatigue life was less than 20% of the parent plate. Therefore, the 
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use of low downward force is strongly not recommended. Two middle samples 
failed in the weld nugget, one at medium force and one at high force. In both 
cases the lifetimes were not drastically reduced but failure did occur in the weld 
nonetheless. An analysis of the standard geometry is included later in Section 
5.3.4 with the fracture surfaces and positions of failure are shown in Figure 5-29.  
 
Table 4-3: Summary of fatigue test parameters and results in the downward force matrix 
 
Weld ID Hole 
taper 
angle (°) 
Stud 
taper 
angle (°) 
Input 
downward 
force (kN) 
Average 
downward 
force (kN) 
Forge 
force 
(kN) 
Rotational 
speed 
(rpm) 
Input 
plunge 
depth 
(mm) 
Number 
of cycles 
to failure 
(Top) 
Number 
of cycles 
to failure 
(Middle) 
Number 
of cycles 
to failure 
(Bottom) 
SFL1 20 15 15 14.5 17.2 5000 6 294428* 16155* 585678 
SFL2 20 15 15 14.3 17.1 5000 6 309324 11831* 264944 
SFL3 20 15 15 14.3 17.0 5000 6 114970 15154* 225461 
SFL4 20 15 15 14.4 16.7 5000 6 225172 201329* 239941 
Average   235974 61117 329006 
 
SFM1 20 15 25 25.1 16.7 5000 6 135581 259709 261066 
SFM2 20 15 25 25.4 16.6 5000 6 264694 469897 361812 
SFM3 20 15 25 25.9 16.8 5000 6 251116 273621 235945 
SFM4 20 15 25 25.9 16.7 5000 6 232157 281597** 246902 
Average   220887 321206 276431 
SFH1 20 15 35 35.3 17.1 5000 6 707465 425483 303665 
SFH2 20 15 35 35.5 17.3 5000 6 284182 143688** 311110 
SFH3 20 15 35 35.5 16.8 5000 6 135047 261296 318933 
SFH4 20 15 35 35.3 17.0 5000 6 966346 430417 170508 
Average   523260 315221 276054 
Parent material cycles to failure P1 P2 P3 P4     
 314462 314175 413109 279556     
*Bond line initiation                                                          **Weld nugget initiation                                                   ***Final interface 
initiation 
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Figure 4-15: Fatigue life of FHPP samples as a function of downward force 
 
 
Three main types of failures occurred during the fatigue testing of the FHPP welds 
in the downward force matrix, and were also observed with fatigue tests in the hole 
taper angle matrix and the hole base diameter matrix, making them recurring 
modes of failure. These were namely: bond line, weld nugget and flash crack 
initiation. Initiation along the bond line was observed on the middle samples, most 
often due to lack of contact with the sidewall due to insufficient force. Figure 4-16 
shows the fracture surface of middle sample SFL2 with a large region of 
unconsolidated material along the left side on the bond line as indicated. A SEM 
investigation revealed localised regions of dendritic grain growth as shown in 
Figure 4-16a which indicates that some melting of the stud material does occur. 
Van Zyl [54] measured temperatures higher than the melting point during FHPP 
welding of AISI 4140 steel, therefore it does appear that perhaps melting occurs to 
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more of an extent than previously thought. It is considered that large scale melting 
does not occur with friction welding, however, some authors have reported that 
localised melting does occur with rotary friction welding e.g. [19]. The region to the 
right of Figure 4-16 shows ductile overload fracture, which shows that the 
resistance to fatigue propagation is low. This may explain the low fracture 
toughness along the bond line which was observed by Chludzinski et al [22]. This 
was attributed to manganese sulphide inclusions that had migrated from the stud 
material to the bond line. In this research, some evidence of inclusions was 
observed along the bond line, although these were less concentrated and were 
generally less than 4µm in size as indicated in Figure 4-17. It is therefore unlikely 
that the inclusions contributed greatly to weld failure. 
Another type of failure was observed with middle samples where initiation 
occurred from the weld nugget as shown in Figure 4-18. The weld nugget has 
relatively large grains which are evident on the micrograph of weld DF-25 as 
indicated in Figure 4-19a which may make the nugget somewhat more prone to 
failure. Once the crack reached a critical size, it diverted to the bond line instead of 
propagating further through the weld nugget. This also shows that the bond line 
has low fracture toughness properties. The fine grains seen along the bond line 
are also evident on the micrograph of weld DF-25 as shown in Figure 4-19b. 
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Figure 4-16: Fracture surface of the middle sample of weld SFL2 with initiation site and 
direction of propagation indicated showing a) unconsolidated material with localised 
dendritic grain growth indicative of localised melting, and b) fast fracture following the bond 
line 
 
  
Figure 4-17: SEM micrographs of inclusions found on fracture surface along bond line 
 
a) b) 
CHAPTER 4: DOWNWARD FORCE MATRIX 
 
117 
 
 
Figure 4-18: Fracture surface of the middle sample of weld SFM4 with initiation site and 
direction of propagation indicated showing a) coarse-grained fatigue fracture in the weld 
nugget, and b) fast fracture along the bond line 
 
 
a) b) 
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Figure 4-19: Micrographs of weld DF-25 with the bond line indicated by chevrons showing: 
a) coarse-grained microstructure of the weld nugget, and b) fine-grained microstructure 
along the bond line 
A third type of fracture was observed on the top samples where initiation occurred 
from a flash crack defect situated along the final interface as shown in Figure 4-20. 
The direction of crack propagation can be seen along the interface in Figure 
4-20b. Again, instead of propagating further along the interface, it diverted to the 
bond line indicating low fracture toughness. Ductile overload fracture can be 
observed in Figure 4-20c with localised inclusions as indicated, although the 
concentration is relatively low. A corresponding discontinuity can be seen along 
the sectioned micrograph of sample DF-15 as indicated in Figure 4-21, which 
indicates a region of possible initiation. 
 
5mm 
 
b) 
a) 
Parent plate Weld nugget 
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Figure 4-20: Fracture surface of the top sample of weld SFL1 with initiation site and 
direction of propagation direction indicated showing a) fatigue fracture along the final 
interface with rubbing contours of the rotating stud material indicated, b) region of fatigue 
fracture with striations indicating direction of propagation, and c) fast fracture with 
inclusions indicated 
 
a) b) 
c) 
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Figure 4-21: Weld DF-15 with discontinuity along the final interface indicated in a), this 
corresponds with the failure of fatigue sample SFL1 which failed along the flash crack   
4.3 SUMMARY OF DOWNWARD FORCE STUDY 
The downward force of FHPP welds using the standard geometry was increased 
by 5kN increments from 15kN – 35kN. Initial inspection of the welds showed that 
the flash formation changed with downward force as shown in Figure 4-1. At 
around 15kN lack of secondary flash formations was observed. Higher downward 
forces increased the volume and axis symmetry of the secondary flash formation. 
Microstructural analysis of the 15kN weld showed that a defect of around 2.9mm 
was present on the bond line, whereas with the welds using a higher downward 
force the defects were significantly smaller. This indicates that defects along the 
bond line are more likely to occur with lower downward force.  
Thermocouple measurements showed that the highest temperatures were 
recorded for a force of around 25kN for measurement positions of 2.5mm, 20.5mm 
and 27.5mm below the top surface. At 11.5mm the temperature was the lowest at 
15kN, increased steeply up to 25kN and stabilised up to 35kN. The low 
temperature at this position for a 15kN weld can be linked to the defect on the 
5mm 
a) 
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bond line in Figure 4-3a. It is thought that the lack of contact on the sidewall 
reduced the heat conduction from the hot plasticised stud material, thereby 
resulting in lower temperatures. Hardness measurements, however, showed no 
significant difference for the different forces used except for a drop in the center of 
weld DF-35, which is likely due to lower energy inputs.  
The magnitude of process torque was shown to increase with downward force as 
shown in Figure 4-5, and is linked to the average energy input rate, which is a 
function of torque. However, the total energy input was shown to decrease with 
force, even though the average energy input rate increased, and this could be 
attributed to shorter weld times.  
Tensile tests taken at three different levels, including the enclosed weld nugget, all 
failed in the parent plate. However, the middle fatigue specimen of 15kN welds all 
failed along the bond line with 3 out of 4 samples exhibiting significantly reduced 
lifetimes. Isolated cases of middle specimen failure also occurred at medium and 
high downward force, although lifetimes were not dramatically reduced. The 
results are shown in Figure 4-15. 
In terms of determining the downward force range, it would appear that forces up 
to 35kN produce satisfactory results, therefore the same range of downward 
forces would be used for subsequent testing. Also, the maximum allowable defect 
size of 0.8mm as stipulated by ASME IX [85] would appear to be a reasonable 
tolerance for excluding welds. Therefore, this defect tolerance method has been 
used for all subsequent testing to exclude welds for fatigue testing. It can further 
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be concluded that 15kN downward force should be avoided as it is more prone to 
form defects larger than 0.8mm and can contribute to reduced fatigue life. 
Table 4-4: Summary of results for the downward force matrix 
 
 
 
Strongly not recommended: Exhibited defects >0.8mm, 
or fatigue lifetimes <10
5
 
Use with caution: Weld failures for lifetimes over 10
5
, 
or no samples reached 3x10
5 
so results uncertain, or 
alteration of other parameters may improve results 
Recommended: No weld failures with samples 
reaching over 3x10
5
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CHAPTER 5: HOLE TAPER ANGLE 
MATRIX 
5.1 INTRODUCTION 
This matrix forms the bulk of the testing involving different geometries and is 
divided into three smaller matrices namely: 15° hole taper angle matrix, 20° hole 
taper angle matrix and 25° hole taper angle matrix. Each matrix has three 
downward force levels, namely: low (15kN), medium (25kN) and high (35kN). 
Three stud taper angles were used for each hole taper angle, namely: 50% of hole 
taper angle, 75% of hole taper angle and 85% of hole taper angle. 
5.2  15° HOLE TAPER ANGLE 
Table 5-1 shows the process parameters for metallurgical analysis. The process 
responses such as average energy input rate, total energy input and weld time are 
also included and will be discussed in Section 5.2.2 for comparison. The defect 
measurements will be discussed in Section 5.2.1. Each weld is identified by the 
hole taper angle, stud taper angle and the downward force used (e.g. sample 
1575-L = 15° hole taper angle, 7.5° stud taper angle – low downward force of 
15kN). Results in this section are only reflective of the sectioned FHPP welds. The 
downward force and parameter combinations chosen for further fatigue testing are 
not necessarily defect free welds. Welds chosen for fatigue testing are indicated 
by green ticks whereas welds exhibiting defects larger than 0.8mm are indicated 
by red crosses such as shown in Figure 5-1 and Figure 5-2.  
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Table 5-1: Process parameters and responses of initial metallurgical analysis for different 
downward forces and stud taper angles in conjunction with a 15° hole taper angle 
 
Weld ID Hole 
taper 
angle (°) 
Stud 
taper 
angle 
(°) 
Input 
downward 
force (kN) 
Average 
downward 
force (kN) 
Forge 
force 
(kN) 
Rotationa
l speed 
(rpm) 
Input 
plunge 
depth 
(mm) 
Total 
energy 
input 
(kJ) 
Average 
energy 
input rate 
(kJ/s) 
Weld 
time 
(sec) 
Defect 
measurement 
(mm) 
1575-L 15 7.5 15 14.4 11.9 5000 9.3 228 6.0 37.9 11.9 + 19.4 
1575-M 15 7.5 25 23.8 12 5000 9.3 214 8.0 26.7 <0.4 
1575-H 15 7.5 35 34.5 11.9 5000 9.3 189 9.5 19.9 5.6 
1511-L 15 11 15 14.6 14.5 5000 6.3 255 6.2 40.9 2.4 + 4.3 
1511-M 15 11 25 24.5 13.8 5000 6.3 232 7.9 29.2 <0.4 
1511-H 15 11 35 34.5 13.6 5000 6.3 205 9.2 22.2 1.1 
1513-L 15 13 15 14.7 14.7 5000 5 279 6.2 44.8 <0.4 
1513-M 15 13 25 24.5 14.5 5000 5 243 7.9 30.9 <0.4 
1513-H 15 13 35 34.8 14.7 5000 5 221 9.5 23.3 <0.4 
Multiple defects marked as “+” 
 
5.2.1 MACRO, MICRO AND HARDNESS ANALYSIS 
The flash formations of all welds in the 15° hole taper angle matrix are shown in 
Figure 5-1, while the etched macrographs are shown in Figure 5-2 and the 
associated defects are shown in Figure 5-3. The ratio of secondary flash formation 
to primary flash formation appears to increase with stud taper angle, for example: 
1575-M, 1511-M and 1513-M. Larger stud taper angles reduce the clearance and 
increase contact pressure between the streams of plasticised material thereby 
displacing more material from the sidewall. 
For each stud taper angle the secondary flash formation for FHPP welds using a 
downward force of 15kN was either not axis-symmetrical, or was relatively non-
existent in places. The stud taper angles of 7.5° (1575-L) and 11° (1511-L) at this 
force showed major defects along the bond line as shown in Table 5-1 with sample 
1575-L showing the largest defects in this matrix (Figure 5-3a&d). This indicated 
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that there was not enough pressure to forge the plasticised material onto the sides 
of the hole. Using a 13° stud which had a lower clearance (1513-L), appeared to 
mitigate this lack of forging pressure to some extent by producing what appears to 
be a relatively defect free weld. However, two regions of voids were observed on 
either side of the weld in the weld nugget in Figure 5-3g which would indicate that 
the pressure is only just sufficient to produce a satisfactory weld. Nonetheless, it 
would appear that larger stud taper angles produce welds with smaller defects at 
low force. 
For all stud taper angles, a downward force of 25kN produced satisfactory results 
with no major defects. However, at 35kN, 7.5° and 11° studs produced welds with 
significant defects, with 7.5° exhibiting the largest as shown in Table 5-1. Similar to 
the low force welds, larger stud taper angles appear to be preferential at higher 
forces with no defects observed with 1513-H. The high pressure produced at 35kN 
pushes plasticised material upwards past the sidewall without allowing sufficient 
time for sufficient contact. The larger stud tapers slow the movement of the 
interface thereby increasing the contact time. This corresponds with a decrease in 
defect size with the larger stud taper angles as shown in Table 5-1.  
The most axis-symmetrical flash formation was observed with a large stud taper 
angle and high downward force which should indicate that this weld has the lowest 
occurrence of defects (Figure 5-1i) and hence potential high fatigue life, however 
this is not the case as will be shown in Section 5.2.4.  
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Figure 5-1: Flash formations of the 15° hole taper angle FHPP welds 
 
 
Figure 5-2: Macrographs of FHPP welds etched in 2% Nital using 15° holes with different 
stud taper angles using different downward forces with defects indicated, which are then 
shown in Figure 5-3 
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Figure 5-3: Defects observed for welds in the 15° hole taper angle matrix (a), b), c) & d) 
etched in 2% Nital, all others unetched) 
 
Figure 5-4, Figure 5-5 and Figure 5-6 show the hardness measurements taken at 
1.5mm below the surface of each stud taper angle, using downward forces of 
15kN, 25kN and 35kN. For the 7.5° stud taper angles there is a slight increase in 
hardness in the weld nugget just inside the bond line for a downward force of 
35kN. Weld 1575-H has the highest effective pressure of all the welds and the 
lowest weld time, the plasticised stud material would likely move up the hole the 
fastest and have the least contact time with the sidewall. This is seen as a high 
ratio of primary to secondary flash formation which is evident on the sectioned 
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macrograph (Figure 5-1c). What is also apparent is that the position of the studs 
HAZ moves downwards with force which is seen as a hardness drop in the center, 
similar to what was experienced with the standard geometry welds. In this case 
the fine-grained heat affected zone (FGHAZ) is visible below the top surface. The 
position of the FGHAZ may be undesirable since it is typically a weak point in 
terms of creep degradation of a 10CrMo910 weld [3]. This was also evident to a 
lesser degree with 11° studs, although not with 13° studs. The probable reason for 
this is the longer weld times and hence higher energy inputs associated with the 
larger stud taper angles, which push the stud HAZ higher. 
 
 
Figure 5-4: Vickers microhardness measurements at 1.5mm of samples using a 15° hole 
taper angle and a 7.5° stud taper angle 
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Figure 5-5: Vickers microhardness measurements at 1.5mm of samples using a 15° hole 
taper angle and a 11° stud taper angle 
 
 
 
Figure 5-6: Vickers microhardness measurements at 1.5mm of samples using a 15° hole 
taper angle and a 13° stud taper angle 
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5.2.2 TORQUE AND ENERGY INPUT ANALYSIS 
The torque and plunge depth responses of FHPP welds with stud taper angles of 
7.5°, 11° and 13° are shown in Figure 5-7, Figure 5-8 and Figure 5-9 respectively. 
For all stud taper angles, the magnitude of the torque response is shown to 
increase with downward force which was the same with the standard geometry. 
However, there appears to be no significant increase in magnitude between the 
different stud taper angles regardless of the fact that the cross-sectional area and 
hence shear interface will increase with larger taper angles. It would therefore that 
the downward force has a larger influence on torques than the geometry. In terms 
of choosing drive motors for FHPP welding, it would appear that any geometry can 
be chosen, whereas the forces used must be low enough to reduce the power 
required from the motor to prevent stall. However, the correct combination of 
downward force and geometry would be required to produce satisfactory welds 
which should be taken into account. Also, certain geometries may produce better 
welds at lower forces than others, e.g. a 13° stud with a 15° hole as opposed to 
7.5° or 11°. Lower forces could be used for such geometries and thereby lower the 
required power from the motor. Although the torque magnitudes do not seem to 
increase significantly with stud taper angle, and are mirrored by almost identical 
average energy input rates (see Table 5-1), the weld time increases which in turn 
increases the energy input into the weld. Similar to the standard geometry welds 
outlined in Section 4.2.2, higher forces also appear to increase the braking torque.   
The plunge depth rates are shown to increase with downward force, which is 
expected as reported by Meyer [27] and Bulbring [23]. What is also evident is that the 
smaller stud taper angles (7.5°) produce more stable plunge depth rates, whereas 
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increasing the stud taper angle to 11° produces an acceleration towards the end of 
the weld, which becomes more accentuated with a 13° stud. At higher forces this 
is the most prevalent. This may be due to heat saturation of the stud above the 
frictional interface with the larger stud taper angles, which reduces the shear 
strength of the stud material so that shear can occur. At higher forces the shear 
stress is increased which is mirrored by higher torques. Therefore, the downward 
force is the controlling factor in terms of torque, and hence energy input rates, and 
not geometry.  
 
 
Figure 5-7: Torque and plunge depth responses of samples using a 15° hole taper angle and 
a 7.5° stud taper angle 
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Figure 5-8: Torque and plunge depth responses of samples using a 15° hole taper angle and 
a 11° stud taper angle 
 
 
 
Figure 5-9: Torque and plunge depth responses of samples using a 15° hole taper angle and 
a 13° stud taper angle 
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5.2.3 TEMPERATURE ANALYSIS 
Figure 5-10, Figure 5-11 and Figure 5-12 show the temperature responses of 
FHPP welds using 7.5°, 11° and 13° taper angles at different downward forces at 
measurement positions of 2.5mm, 11.5mm and 20.5mm respectively. The first 
thing that is apparent is that the larger stud taper angles generally appear to 
produce higher interface temperatures at all positions and downward forces, 
although this is not always clear. As mentioned in 5.3.1.2, this is likely due to the 
larger shear interfaces requiring higher temperatures before shear can occur in 
addition to the smaller clearances between the stud and the sidewall. The 
discrepancies with some measurements may be due to thermocouple tip position 
variation. The higher forces produce steeper temperature gradients and often 
produce higher peak temperatures. 
 
 
 
Figure 5-10: Temperature responses at 2.5mm as a function of downward force and stud 
taper angle for a 15° hole taper angle 
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Figure 5-11: Temperature responses at 11.5mm as a function of downward force and stud 
taper angle for a 15° hole taper angle 
 
 
 
Figure 5-12: Temperature responses at 20.5mm as a function of downward force and stud 
taper angle for a 15° hole taper angle 
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There appears to be a correlation between the maximum temperature at the 
11.5mm position and the quality of bonding as shown in Figure 5-13. Welds 
exhibiting a maximum temperature below around 730°C, as indicated, also had 
significant defects along the bond line. An exception is weld 1513-L which showed 
no significant defects, however, it did exhibit a bond line failure during fatigue 
testing as discussed in Section 5.2.4. Welds with higher temperatures showed no 
significant defects along the bond line. 
 
 
 
Figure 5-13: Maximum temperatures of 15° hole taper angle FHPP welds at the 11.5mm 
position as a function of downward force for different stud taper angles 
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#1). Most samples failed in the parent plate, which included all of the top and 
bottom samples, with weld failure only occurring on the middle samples. For 13° 
stud taper angle welds where the full force range was tested, failure occurred for 
both low and high downward force welds.   
Table 5-2: Summary of fatigue test parameters, geometry and results for 15° hole taper 
angle 
 
Weld ID Hole 
taper 
angle 
(°) 
Stud 
taper 
angle (°) 
Input 
downward 
force (kN) 
Average 
downward 
force (kN) 
Forge 
force 
(kN) 
Rotational 
speed 
(rpm) 
Input 
plunge 
depth 
(mm) 
Number of 
cycles to 
failure 
(Top) 
Number of 
cycles to 
failure 
(Middle) 
Number of 
cycles to 
failure 
(Bottom) 
1575-M-F1 15 7.5 25 23.8 11.9 5000 9.3 303343 363901 157454 
1575-M-F2 15 7.5 25 24.0 12 5000 9.3 124440 172925 142174 
1575-M-F3 15 7.5 25 23.4 11.3 5000 9.3 248784 193816 406588 
1575-M-F4 15 7.5 25 23.5 11.6 5000 9.3 219490 380465 319733 
Average   224014 277777 256487 
 
1511-M-F1 15 11 25 24.0 13.6 5000 6.3 284549 641933 454456 
1511-M-F2 15 11 25 23.7 13.4 5000 6.3 269453 339029 219839 
1511-M-F3 15 11 25 23.8 13.3 5000 6.3 149750 267952 292936 
1511-M-F4 15 11 25 23.8 13.4 5000 6.3 272488 126984 417172 
Average   244060 343975 346101 
1513-L-F1 15 13 15 14.3 14.8 5000 5 167051 347968 145967 
1513-L-F2 15 13 15 14.5 14.8 5000 5 218644 563245 152207 
1513-L-F3 15 13 15 14.3 14.7 5000 5 214641 230440 321612 
1513-L-F4 15 13 15 14.2 14.7 5000 5 155232 11142* 407047 
Average   188892 288199 256708 
1513-M-F1 15 13 25 24.1 14.5 5000 5 375703 424501 261963 
1513-M-F2 15 13 25 24.3 14.3 5000 5 347064 584984 318225 
1513-M-F3 15 13 25 24.3 14.5 5000 5 137387 266608 182883 
1513-M-F4 15 13 25 24.4 14.5 5000 5 171941 430350 367361 
Average   258024 426611 282608 
1513-H-F1 15 13 35 34.8 14.3 5000 5 1000000 345717 483984 
1513-H-F2 15 13 35 34.6 14.1 5000 5 259098 35997** 317772 
1513-H-F3 15 13 35 34.6 14.3 5000 5 142258 148618** 428155 
1513-H-F4 15 13 35 34.7 14.1 5000 5 194271 183886** 536264 
Average   441934 178555 441544 
*Bond line initiation                                                        **Weld nugget initiation 
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Figure 5-14 shows the fatigue results of all the 15° hole taper angle tests. one out 
of four low force samples using a 13° stud failed along the bond line which also 
had the lowest measured force (Figure 5-14a). Therefore, this type of failure is 
attributed to a lack of consolidation between the plasticised stud material and the 
sidewall due to insufficient downward force. The average energy input rate of 
sample 1513-L-F4 was the highest of the four samples tested while the weld time 
was the shortest, which can both be ascertained from the torque data. Therefore, 
Beamish’s assertion that torque can be used as a quality control method would 
appear to have some merit [26]. The average fatigue life, however, is still some 
93% of the parent plate and should therefore be investigated further. Also, the 
downward force is the lowest of the four fatigue samples at 14.2kN, therefore it is 
likely that a nominal increase in force would mitigate the weak bonding along the 
bond line. 
In contrast, three out of the four high force samples using a 13° stud initiated from 
the weld nugget just inside the bond line (Figure 5-14b,c&d) with sample 1513-H-
F2 exhibiting a significantly reduced lifetime with an average of 58% of the parent 
plate. Similar to low force weld 1513-L-F4, the three welds that failed also showed 
the highest average energy input rates and the shortest weld times. None of the 
medium force welds failed, regardless of the stud taper angles used. There is 
therefore a large range of stud taper angles that can be used to produce 
satisfactory results with 15° holes, however the range of downward forces is 
somewhat limited to around 25kN.  
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Figure 5-14: Fatigue test results with macros of welds that failed in the weld with initiation sites indicated of samples: a) 1513-L-F4 Middle (BL),  
b) 1513-H-F2 Middle (WN), c) 1513-H-F3 Middle (WN) and d) 1513-H-F4 Middle (WN). (BL = Bond line initiation, WN = Weld nugget initiation)
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5.2.5 SUMMARY OF 15° HOLE TAPER ANGLE STUDY 
FHPP tests were carried out for a 15° hole taper angle using low, medium and 
high downward forces and 7.5°, 11° and 13° stud taper angles. It was observed 
that higher forces produced more axis-symmetrical secondary flash formations, 
however, unlike the standard geometry used in the downward force matrix, this 
was not always an indication of weld quality. Significant defects were observed 
along the bond line on micrographs of 7.5° and 11° stud welds at both low and 
high downward forces and were therefore excluded from fatigue testing. The 
hardness was shown to drop at the center of the weld which was most pronounced 
at high force and small stud taper angles and in both cases is indicative of shorter 
weld times and lower total energy inputs.  
Higher torque magnitudes were observed for higher downward forces but there 
was no appreciable difference with larger stud taper angles. This was mirrored by 
higher average energy input rates for higher forces and similar average energy 
input rates for different stud taper angles. However, larger stud taper angles 
produced nominally longer weld times, despite requiring lower plunge depths, 
which contributed to higher total energy inputs. The plunge depth rate of the larger 
stud taper angle welds was observed to accelerate towards the end of rotation, 
especially for the higher downward forces, which was attributed to prolonged weld 
times producing heat saturation of the stud material above the frictional interface 
that in turn produced more spontaneous shear.  
Temperature data largely appeared to show that the larger stud taper angles 
produced higher temperatures due to delayed movement of the frictional interface 
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and hence prolonged weld times and higher heat generation. Temperature 
measurements at the 11.5mm position showed a correlation with bond line defects 
with temperatures below 730°C, whereas all the other welds showed higher 
temperatures and satisfactory fatigue properties. This included all the medium 
force welds, regardless of the stud taper angle used. However, welds prefixed 
1513-H were exceptions which exhibited lower fatigue lifetimes despite having the 
highest recorded temperature, although the mode of failure was different with 
initiation generally occurring in the weld nugget.  
The overall results of the tests in the 15° hole taper angle matrix are shown in 
Table 5-3. Regardless of the stud taper angle, the low force welds are strongly not 
recommended. However, it should also be noted that only one out of four low force 
welds using a 13° stud failed, which also happened to have the lowest measured 
force during welding. Therefore, a relatively small increase in force would be likely 
to produce a satisfactory, repeatable weld. What is evident is that there is a narrow 
range of forces that produce a satisfactory weld for all stud taper angles, with no 
failures in the weld observed. At higher forces defective welds were consistently 
produced.  
Table 5-3: Summary of results for 15° hole taper angle 
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or fatigue lifetimes <10
5
 
Use with caution: Weld failures for lifetimes over 10
5
, 
or no samples reached 3x10
5 
so results uncertain, or 
alteration of other parameters may improve results 
Recommended: No weld failures with samples 
reaching over 3x10
5
 
Strongly not recomm nded: Exhibited defects >0.8mm, 
or fatigue lifetimes <10
5
 
Use with caution: Weld failures for lifeti es v r 
5
, 
or no samples reached 3x10
5 
so results uncertain, or 
alteration of other parameters may improve results 
Recommended: No weld failures with samples 
reaching over 3x10
5
 
CHAPTER 5: HOLE TAPER ANGLE MATRIX 
 
141 
 
5.3 20° HOLE TAPER ANGLE 
Table 5-4 shows the process parameters and geometry for initial testing including 
the process responses and defect measurements. Each weld is designated by the 
hole taper angle, stud taper angle and the downward force (e.g. 2010-L = 20° hole 
taper angle, 10° stud taper angle – low downward force of 15kN). Results in this 
section are only reflective of the sectioned FHPP welds and the downward force 
and parameter combinations chosen for further fatigue testing are not necessarily 
satisfactory welds. The combinations where no defects larger than 0.8mm were 
observed and which were chosen for further fatigue testing are indicated with 
green ticks, while those with significant defects are indicated with red crosses such 
as shown in Figure 5-15 and Figure 5-16. The flash formations, etched 
macrographs and associated defects are shown in Figure 5-15, Figure 5-16 and 
Figure 5-17 respectively. 
 
Table 5-4: Process parameters, geometry and responses of initial metallurgical analysis for 
different downward forces and stud taper angles in conjunction with a 20° hole taper angle 
 
Weld 
ID 
Hole 
taper 
angle 
(°) 
Stud 
taper 
angle (°) 
Input 
downward 
force (kN) 
Average 
downward 
force (kN) 
Forge 
force 
(kN) 
Rotational 
speed 
(rpm) 
Input 
plunge 
depth 
(mm) 
Total 
energy 
input 
(kJ) 
Average 
energy 
input rate 
(kJ/s) 
Weld 
time 
(sec) 
Defect 
measurement 
(mm) 
2010-L 20 10 15 14.7 14.5 5000 9.9 270 6.2 43.5 4.7 + 3.7 
2010-M 20 10 25 24.5 13.9 5000 9.9 252 8.1 31.2 4.4 
2010-H 20 10 35 34.9 13.9 5000 9.9 231 9.1 25.2 0.73 
DF-15 20 15 15 14.4 17 5000 6 318 5.9 53.8 2.9 
DF-25 20 15 25 24.6 17.5 5000 6 278 7.8 35.8 0.7 + 0.5 
DF-35 20 15 35 34.9 17.3 5000 6 239 8.9 26.9 <0.4 
2017-L 20 17 15 14.7 16.8 5000 4.9 332 6.1 54.5 <0.4 
2017-M 20 17 25 24.6 16.6 5000 4.9 293 7.8 37.6 <0.4 
2017-H 20 17 35 34.7 16.5 5000 4.9 263 9.3 28.2 <0.4 
Multiple defects marked as “+” 
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5.3.1 MACRO, MICRO AND HARDNESS ANALYSIS 
Looking at the flash formations in Figure 5-15, again it is evident that low 
downward forces produce regions of lack of secondary flash, as indicated. The 
most axis-symmetrical flash formations are those with larger stud taper angles and 
high downward forces (2015-H and 2017-H). However, this is no guarantee that 
the weld will be defect free and produce the best fatigue results, as will be 
discussed in Section 5.3.4.  
In terms of defects, the small taper angle (10°) and low downward force welds 
exhibited the largest defects as shown in Figure 5-17a. Similar to the 15° hole 
taper angle matrix, the larger stud taper angle (17°) appears to mitigate the effects 
of the low downward force somewhat as shown in Figure 5-17a, d & g. For the 10° 
stud, a higher downward force was required to forge the plasticised stud material 
onto the sidewall because the gap is relatively large for this geometry, although 
some defects were still observed, as shown in Figure 5-17c. For the 15° and 17° 
studs, it appears as though medium and high downward forces produce adequate 
results with no major defects observed (Figure 5-17e, f, h & i), although this is only 
based on one selective vertical plane chosen for sectioning. The fatigue results did 
in some cases, however, show alternatives to the expected outcomes, as 
discussed in Section 5.3.4. 
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Figure 5-15: Flash formations of the 20° hole taper angle FHPP welds 
 
 
Figure 5-16: Macrographs of FHPP welds etched in 2% Nital of 20° holes with different stud 
taper angles and different downward forces with defects indicated, as shown in Figure 5-17 
 
a) 
b) 
c) 
d) 
e) 
f) 
g) 
h) 
i) 
17° 15° 10° 
3
5
k
N
 
2
5
k
N
 
1
5
k
N
 
  
  
  
 
   5mm 
5mm 
5mm 
5mm 5mm 
5mm 
5mm 
5mm 
5mm 
17° 15° 10° 
3
5
k
N
 
2
5
k
N
 
1
5
k
N
 
a) 
b) 
c) 
d) 
e) 
f) 
g) 
h) 
i) 
    
  
CHAPTER 5: HOLE TAPER ANGLE MATRIX 
 
144 
 
 
Figure 5-17: Defects observed for welds in the 20° hole taper angle matrix (a), b), c), d), g), h) 
& i) etched in 2% Nital, all others unetched) 
The hardness profiles of the 10°, 15° and 17° stud taper angles are shown in 
Figure 5-18 , Figure 5-19 and Figure 5-20 respectively for different downward 
forces. There are no major differences in peak hardness between the different 
downward forces for different stud taper angles, except for the 17° stud taper 
angle where an increase of around 50HV was observed for a downward force of 
35kN with a slight increase at higher forces. Similar to the 15° hole taper angle 
matrix, there is a drop in hardness at the center of the weld for high downward 
forces, which is most pronounced with the small stud taper angles and reduces 
with increased angles.  
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Figure 5-18: Vickers microhardness measurements at 1.5mm of samples using a 20° hole 
taper angle and a 10° stud taper angle 
 
 
 
Figure 5-19: Vickers microhardness measurements at 1.5mm of samples using a 20° hole 
taper angle and a 15° stud taper angle 
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Figure 5-20: Vickers microhardness measurements at 1.5mm of samples using a 20° hole 
taper angle and a 17° stud taper angle 
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increase in average energy input rate, but due to longer weld times require more 
total energy. 
The general trend of the plunge depth rates is to accelerate towards the end of 
rotation, although this appears to be more distinct with larger stud taper angles 
and high forces, as observed previously with the 15° hole taper angle matrix. What 
is interesting is that for the 10° stud taper angles, the plunge depth rate 
accelerates up to ≈6mm, before decelerating briefly and then accelerating again, 
at a lower rate. The calculated plunge depth required to fill the hole is 
approximately 8mm, so this is not a consequence of rubbing on a consolidated 
weld after it has been filled, and occurs during the filling of the hole. This reduction 
in acceleration may be due to the tapers diverging from each other as the 
interfacial region moves upwards, causing the reactant radial force to decrease. It 
is known that the interface becomes conical in shape as it moves upwards [21] [27], 
caused by hot plasticised stud material moving past the un-plasticised stud 
material, conducting heat and weakening its outer radial part while affecting its 
center to a lesser degree. Contact pressure would obviously occur to a lesser 
degree with larger differences in taper angle between the hole and the stud, so 
occurs with the smaller 10° stud but not the larger 15° and 20° FHPP welds. This 
was also somewhat evident although less pronounced with the 7.5° stud taper 
angle and 15° hole taper angle (see Figure 5-7), whereby the difference in taper 
angle between a 7.5° stud and 15° hole is smaller than that of a 10° stud and a 
20° hole, with the differences being 7.5° and 10° respectively. 
A similar trend occurs with the low force welds using 15° and 17° studs, although it 
appears to happen only once the hole is filled. For example, the calculated plunge 
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depths required to fill the hole for these stud taper angles is about 4.5mm and 
3.4mm respectively, corresponding approximately to when this reduction in 
acceleration occurred. Once the hole is filled there is no contact with the sidewall 
reducing conduction to the stud prolonging the weld. 
 
Figure 5-21: Torque and plunge depth responses of samples using a 20° hole taper angle 
and a 10° stud taper angle 
 
Figure 5-22: Torque and plunge depth responses of samples using a 20° hole taper angle 
and a 15° stud taper angle (standard geometry) 
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Figure 5-23: Torque and plunge depth responses of samples using a 20° hole taper angle 
and a 17° stud taper angle 
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Figure 5-24: Temperature responses at 2.5mm as a function of downward force and stud 
taper angle for a 20° hole taper angle 
 
 
 
Figure 5-25: Temperature responses at 11.5mm as a function of downward force and stud 
taper angle for a 20° hole taper angle 
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Figure 5-26: Temperature responses at 20.5mm as a function of downward force and stud 
taper angle for a 20° hole taper angle 
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Figure 5-27: Maximum temperatures of 20° hole taper angle FHPP welds at the 11.5mm 
position as a function of downward force for different stud taper angles 
 
5.3.4 FATIGUE ANALYSIS 
Table 5-5 shows the results of the fatigue tests for the 20° hole taper angle matrix. 
The results of the 15° stud taper angles also form part of the downward force 
matrix and are reported on in Chapter 4. Each FHPP weld is designated by the 
hole taper angle, stud taper angle and the downward force (e.g. sample 2010-H-
F1 = hole taper angle of 20°, stud taper angle of 10° - high downward force – 
fatigue sample #1). Most samples failed in the parent plate, including all of the top 
and bottom samples, with the exception of sample SFL1. Weld failure occurred 
predominantly on the middle samples. 
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Table 5-5: Summary of fatigue test parameters and results for 20° hole taper angle 
 
Weld ID Hole 
taper 
angle 
(°) 
Stud 
taper 
angle 
(°) 
Input 
downward 
force (kN) 
Average 
downward 
force (kN) 
Forge 
force 
(kN) 
Rotational 
speed 
(rpm) 
Input 
plunge 
depth 
(mm) 
Number of 
cycles to 
failure 
(Top) 
Number of 
cycles to 
failure 
(Middle) 
Number of 
cycles to 
failure 
(Bottom) 
2010-H-F1 20 10 35 34.4 13.3 5000 9.9 170162 171475 178976 
2010-H-F2 20 10 35 34.5 13.2 5000 9.9 289251 113901 186595 
2010-H-F3 20 10 35 34.1 13.2 5000 9.9 161447 16850* 104345 
2010-H-F4 20 10 35 34.4 13 5000 9.9 234362 131862 112396 
Average   213806 108522 145578 
SFL1 20 15 15 14.5 17.2 5000 6 294428*** 16155* 585678 
SFL2 20 15 15 14.3 17.1 5000 6 309324 11831* 264944 
SFL3 20 15 15 14.3 17.0 5000 6 114970 15154* 225461 
SFL4 20 15 15 14.4 16.7 5000 6 225172 201329* 239941 
Average   235974 61117 329006 
 
SFM1 20 15 25 25.1 16.7 5000 6 135581 259709 261066 
SFM2 20 15 25 25.4 16.6 5000 6 264694 469897 361812 
SFM3 20 15 25 25.9 16.8 5000 6 251116 273621 235945 
SFM4 20 15 25 25.9 16.7 5000 6 232157 281597** 246902 
Average   220887 321206 276431 
SFH1 20 15 35 35.3 17.1 5000 6 707465 425483 303665 
SFH2 20 15 35 35.5 17.3 5000 6 284182 143688** 311110 
SFH3 20 15 35 35.5 16.8 5000 6 135047 261296 318933 
SFH4 20 15 35 35.3 17.0 5000 6 966346 430417 170508 
Average   523260 315221 276054 
2017-L-F1 20 17 15 14.2 16.2 5000 4.9 168988 35729* 165603 
2017-L-F2 20 17 15 14.2 16.4 5000 4.9 204655 14246* 156877 
2017-L-F3 20 17 15 14.2 16.4 5000 4.9 146117 9805* 183956 
2017-L-F4 20 17 15 13.7 15.7 5000 4.9 178901* 0* 137091 
Average   174665 14945 160882 
2017-M-F1 20 17 25 24.3 16.2 5000 4.9 177935 145634 301784 
2017-M-F2 20 17 25 24.2 16.1 5000 4.9 241666 95633 202642 
2017-M-F3 20 17 25 24.2 16.1 5000 4.9 186719 112438 746589 
2017-M-F4 20 17 25 24.2 16.2 5000 4.9 142480 111207 198697 
Average   187200 116228 362428 
2017-H-F1 20 17 35 34.9 16.5 5000 4.9 289480 70023* 119018 
2017-H-F2 20 17 35 34.6 16.3 5000 4.9 160138 69533* 112505 
2017-H-F3 20 17 35 34.7 16.4 5000 4.9 195313 36905* 168681 
2017-H-F4 20 17 35 34.9 16.3 5000 4.9 130398 87533* 321698 
Average   193832 65999 180476 
*Bond line initiation                                                          **Weld nugget initiation                                                   ***Final interface 
initiation 
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Figure 5-28 shows the fatigue test results of the 2010-H welds. The low and 
medium force welds showed significant defects along the bond line so were not 
tested. One middle sample out of the four tested failed along the bond line at a 
significantly lower lifetime. This can be attributed to a large gap between the stud 
and the sidewall and can be mitigated by using a higher downward force but due 
to flow dynamics the weld is not repeatable. The average fatigue life constitutes 
only 35% of the parent plate and this setting is therefore not recommended. 
  
 
Figure 5-28: 20° hole taper angle and 10° stud taper angle fatigue test results with macro of 
weld sample 2010-H-F3 Middle with initiation along the bone line indicated 
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below that of the parent plate with 3 samples exhibiting lifetimes below 20x103. In 
all cases, these samples failed along the bond line due to lack of contact between 
the plasticised stud material and the sidewall during welding as shown by the 
sectioned sample micrograph shown in Figure 5-17d, and is mirrored by low 
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temperatures at this position. Two other samples failed through the weld nugget, 
at both medium and high downward forces. 
Figure 5-30 shows the fatigue test results of welds using a 17° stud taper angle. 
All low force weld middle samples failed along the bond line below 40x103 cycles, 
along with one top sample, showing that this combination is not advisable. The 
average life is only 5% of the parent plate and is highly not recommended. Also, all 
of the high force welds failed along the bond line at lifetimes below 90x103 cycles 
with an average of only 21% of the parent plate. Although none of the medium 
force welds failed, none of the middle samples reached 30x103 cycles, so it is not 
certain whether this combination can achieve lifetimes similar to that of the parent 
plate and further testing may be required for validation. 
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Figure 5-29: 20° hole taper angle and 15° stud taper angle fatigue test results with macrographs of welds that failed in the weld with initiation sites 
indicated of samples: a) SFL1 Top (FC), b) SFL1 Middle (BL), c) SFL2 Middle (BL), d) SFL3 Middle (BL), e) SFL4 Middle (BL), f) SFM4 Middle (WN) 
and g) SFH2 Middle (WN). (BL = Bond line failure, WN = Weld nugget initiation, FC = Flash crack initiation)   
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Figure 5-30: 20° hole taper angle and 17° stud taper angle fatigue test results with macrographs of welds that failed in the weld with initiation sites 
indicated of samples: a) 2017-L-F1 Middle (BL), b) 2017-L-F2 Middle (BL), c) 2017-L-F3 Middle (BL), d) 2017-L-F4 Middle (BL), e) 2017-L-F4 Top (BL), 
f) 2017-H-F1 Middle (BL), g) 2017-H-F2 Middle (BL), h) 2017-H-F3 Middle (BL), and i) 2017-H-F4 Middle (BL). (BL = Bond line initiation)  
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5.3.5 SUMMARY OF 20° HOLE TAPER ANGLE STUDY 
FHPP tests were carried out for a 20° hole taper angle at low, medium and high 
downward forces using stud taper angles of 10°, 15° and 17° respectively. The 
secondary flash formations were consistently less axis-symmetrical at low forces 
whilst also producing less secondary flash. Low force welds using 10° and 15° 
studs showed regions of no secondary flash formation as shown in Figure 5-15 
and exhibited significant defects, as outlined in Table 5-6. The low force weld 
using a 17° stud showed no defects larger than 0.8mm along the bond line but 
nonetheless exhibited low fatigue lifetimes. Weld 2010-M exhibited a reasonably 
symmetrical flash formation, however still had a major defect. Therefore, although 
flash formation may give an indication of the weld quality, it is by no means 
definitive. Similar to the 15° hole taper angle matrix, a drop in hardness was 
observed towards the center of the weld; most pronounced at small stud taper 
angles and high downward forces. This is attributed to shorter weld times and 
lower energy inputs.  
Higher torque magnitudes were observed with higher forces and is analogous with 
the average energy input rate, but no appreciable difference was observed with 
different stud taper angles. Therefore downward force is the main contributor to 
energy input rate, but the prolonged weld times associated with larger stud taper 
angles produce higher total energy inputs with no significant effect on average 
energy input rates. With high downward force the plunge depth rate accelerates 
towards the end of rotation and is most prevalent with the larger stud taper angles. 
This is attributed to prolonged weld times associated with larger stud taper angles 
causing heat saturation above the interface, in combination with higher downward 
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forces producing higher stresses causing shear to occur more readily. Lower 
temperatures measured at the 11.5mm position appear to correlate with defects 
along the bond line or low fatigue lifetimes with initiation from the bond line and is 
attributed to lack of contact of the plasticised stud material with the sidewall.  
The overall results of the 20° hole taper angle matrix are shown in Table 5-6. All 
low force FHPP welds produced either significant defects under micro-
investigation or fatigue lifetimes below 105 cycles, and are therefore highly not 
recommended. Although, a 10° stud can produce a satisfactory weld at 35kN, it is 
not reliable and can produce grossly flawed welds, so this geometry is not 
recommended either. The 15° stud (standard geometry) produces satisfactory 
welds at 25-35kN with repeatable results and lifetimes consistently over 105 
cycles, although failure can occur in the weld nugget and produce lifetimes 
somewhat lower than the parent plate. 17° studs appear to produce satisfactory 
FHPP welds at around 25kN, however none of the samples tested reached above 
150x103 cycles, so whether the weld itself would have reached the life of the 
parent plate is not known. Samples at 35kN consistently failed below 105 cycles, 
therefore care should be taken when using this geometry.  
Table 5-6: Summary of results for 20° hole taper angle 
 
  
Highly un-recommended: Exhibited defects >0.8mm, 
or fatigue lifetimes <10
5
 
Use with caution: Weld failures for lifetimes over 10
5
, 
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alteration of other parameters may improve results 
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5
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5.4  25° HOLE TAPER ANGLE 
The process parameters, geometry, responses and defect measurements are 
shown in Table 5-7. The energy responses are discussed in Section 5.4.2. Each 
weld is designated by the hole taper angle, stud taper angle and the downward 
force (e.g. weld 2512-L = 25° hole taper angle, 12.5° stud taper angle - low 
downward force of 15kN). The flash formations, etched macrographs and 
associated defects are shown in Figure 5-31, Figure 5-32 and Figure 5-33 
respectively. Welds displaying no defects above 0.8mm are indicated by green 
ticks whereas welds excluded from fatigue testing due to the occurrence of defects 
are indicated by red crosses as shown in Figure 5-31 and Figure 5-32. 
 
Table 5-7: Process parameters, geometry and responses of initial metallurgical analysis for 
different downward forces and stud taper angles in conjunction with a 25° hole taper angle 
 
Weld 
ID 
Hole 
taper 
angle 
(°) 
Stud 
taper 
angle 
(°) 
Input 
downward 
force (kN) 
Average 
downward 
force (kN) 
Forge 
force 
(kN) 
Rotational 
speed 
(rpm) 
Input 
plunge 
depth 
(mm) 
Total 
energy 
input 
(kJ) 
Average 
energy 
input rate 
(kJ/s) 
Weld 
time 
(sec) 
Defect 
measurement 
(mm) 
2512-L 25 12.5 15 14.6 15.9 5000 10.3 305 5.9 51.6 12.6 + 15.2 
2512-M 25 12.5 25 24 15.2 5000 10.3 345 7.5 45.8 <0.4 
2512-H 25 12.5 35 34.5 15.1 5000 10.3 280 9.1 30.6 <0.4 
2519-L 25 19 15 14.4 18.5 5000 5.8 416 6.0 69.6 12.9 + 2.2 
2519-M 25 19 25 24.2 18.0 5000 5.8 321 7.9 40.6 <0.4 
2519-H 25 19 35 34.6 18.0 5000 5.8 315 9.4 33.4 0.6 
2521-L 25 21 15 14.7 19.3 5000 4.7 437 6.1 72.2 7.2 
2521-M 25 21 25 24.6 19.0 5000 4.7 351 8.0 44.2 <0.4 
2521-H 25 21 35 35.1 18.6 5000 4.7 322 9.1 35.3 <0.4 
Multiple defects marked as “+” 
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5.4.1 MACRO, MICRO AND HARDNESS ANALYSIS 
All low force welds produce regions of lack of secondary flash formations that can 
be linked to large defects as shown in Figure 5-33a, d & g. At medium to high 
forces, defects were also observed for all stud taper angles, but all were within 
ASME IX limits [85]. 
A flash crack was observed with sample 2519-M (see Figure 5-32e and Figure 
5-33e), which was also observed with some of the fatigue samples, affecting the 
performance of the weld and act as a crack initiation site. Such defects can be 
mitigated, or indeed avoided, if higher plunge depths or higher forging forces are 
used as these can better consolidate the plasticised material at the top of the hole. 
Such defects can be viewed as a consequence of using the incorrect plunge depth 
or forge force and not a consequence of the downward force and geometry. 
Another defect type frequently observed, but less prevalent with other hole taper 
angles, is a lack of bonding along the bottom hole fillet. Examples are shown in 
Figure 5-33c, h & i. The larger hole taper angle of 25° allows more space for 
plasticised stud material to escape from the bottom of the hole, whereas smaller 
hole taper angles would most likely contain the plasticised material better.  
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Figure 5-31: Flash formations of the 25° hole taper angle FHPP welds 
 
 
Figure 5-32: Macrographs of FHPP welds etched in 2% Nital using 25° holes with different 
stud taper angles using different downward forces with defects indicated, which are shown 
in Figure 5-33 
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Figure 5-33: Defects observed for welds in the 25° hole taper angle matrix (a), c), d), e), g), & 
h) etched in 2% Nital, all others unetched) 
 
Hardness tests showed similar profiles for all the welds in this matrix, as shown in 
Figure 5-34, Figure 5-35 and Figure 5-36 for 12.5°, 19° and 21° studs respectively. 
There is a slight dip in hardness for weld 2512-H, compared to the others, due to a 
smaller HAZ in the stud. This is similar to what is seen with the other hole taper 
angle matrices, with a small stud taper angle combined with a high force, however, 
the magnitude of the drop is not as severe (see Section 5.2.1 and 5.3.1). This 
smaller drop in hardness, when compared to welds 1575-H and 2010-H as shown 
in Figure 5-4 and Figure 5-18, is attributed to microstructural change driven by 
higher energy inputs and the longer weld times required to plasticise larger 
volumes of stud material. 
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Figure 5-34: Vickers microhardness measurements at 1.5mm of samples using a 25° hole 
taper angle and a 12.5° stud taper angle 
 
 
 
Figure 5-35: Vickers microhardness measurements at 1.5mm of samples using a 25° hole 
taper angle and a 19° stud taper angle 
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Figure 5-36: Vickers microhardness measurements at 1.5mm of samples using a 25° hole 
taper angle and a 21° stud taper angle 
 
5.4.2 TORQUE AND ENERGY INPUT ANALYSIS 
The torque and plunge depth responses of 12.5°, 19° and 21° studs are shown for 
each downward force in Figure 5-37, Figure 5-38 and Figure 5-39 respectively. In 
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does not appear to be any major change in magnitude with stud taper angle. 
Therefore downward force would appear to have a greater effect on energy input 
rates than geometry. To compensate for the larger diverging tapers and hence 
cross-sectional areas of the larger taper angles, the stud is consumed at a slower 
rate due to thinner shear layers, which in turn increases the total energy input 
thereby increasing the temperature at the interface. This is however, not evident 
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shear interface and forged onto the sidewall. The interface starts off flat then 
evolves into a conical shape, as demonstrated by Meyer [27] in Figure 2-11. While 
the interface is still flat the material will be pushed out mostly in a radial direction. 
As it becomes more conical, the plasticised stud material will be ejected in a more 
vertical direction. Since the angle of the sidewall is now larger, the difference in 
angle between the flow direction of the plasticised material and the sidewall is 
smaller, and would most likely result in the material becoming less contained or 
“throttled”. Although the vertical force component on the sidewall is larger due to 
the greater taper angle which should increase the contact pressure, it may be that 
the material escapes more quickly from the interface and hence the contact time 
with the sidewall is shorter. This is mirrored by defects along the bottom fillet, such 
as in Figure 5-33h where the degree of contact at the bottom of the weld is lower 
than with the smaller hole taper angles.   
The plunge depth of FHPP weld 2512-H accelerated for approximately 15 
seconds, at which point it decelerated briefly, before accelerating again. This is 
attributed to lack of contact between the plasticised stud material and the sidewall 
due to the large clearance. The reactive force against the still solid stud material 
above the interface is reduced along with the contact between the hot plasticised 
stud material and the stud and in turn reduces the heat conduction to the stud. 
This contact is what causes the weakening of the stud material above the 
interface, especially on the outer part, which in turn causes the outer material of 
the stud to shear first and causes the development of the conical interface. This 
happens during the weld before the hole is filled, where a minimum plunge depth 
of 8.6mm to fill the hole, so is likely a result of lack of contact with the sidewall, and 
not because the hole is filled. 
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For all stud taper angles a deceleration occurs at low force after the hole has been 
filled and is likely due to having a smaller contact area with the hot plasticised 
material than when the hole is still being filled, which would normally conduct heat 
to the stud and produce more spontaneous shear, prolonging the weld. Also, the 
area of shear is larger at the top of the stud requiring a higher temperature to 
produce shear and making the deceleration more pronounced, especially with 
larger stud taper angles. 
Conversely, with high force welds the plunge depth rate accelerates towards the 
end of rotation due to saturation of the stud with heat, but becomes more 
pronounced with the larger stud taper angles. This may be due to the longer weld 
times associated with the larger stud taper angles producing a greater degree of 
heat saturation in the stud aided by higher energy input rates for high force welds.  
 
 
Figure 5-37: Torque and plunge depth responses of samples using a 25° hole taper angle 
and a 12.5° stud taper angle 
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Figure 5-38: Torque and plunge depth responses of samples using a 25° hole taper angle 
and a 19° stud taper angle 
 
 
Figure 5-39: Torque and plunge depth responses of samples using a 25° hole taper angle 
and a 21° stud taper angle 
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5.4.3 TEMPERATURE ANALYSIS 
The temperature responses of all welds at different downward forces and stud 
taper angles are shown for 2.5mm, 11.5mm and 20.5mm in Figure 5-40, Figure 
5-41 and Figure 5-42 respectively. At 2.5mm, the 12.5° stud produces the lowest 
temperature of all the welds in this matrix at low force. This shows a lack of 
contact between the plasticised material and the sidewall evident with the gross 
lack of bonding shown in Figure 5-33a. This temperature is also the lowest of all 
welds in this matrix, showing the largest defects. Increasing the downward force 
increases the temperature up to 25kN, after which the temperature drops off 
again. This is similar to what occurred with the standard geometry used in the 
downward force matrix where the maximum temperature was shown to occur at 
25kN and higher forces reduced the energy input into the weld thereby decreasing 
the heat generated. However, with the larger stud taper angles, the change in 
temperature is not as severe with the smallest change observed using the largest 
stud taper angle (21°). It also appears that increasing the stud taper angle does 
largely increase the temperature. This is to be expected as the larger stud taper 
angles reduce the gap with the sidewall and increase the contact pressure while 
also prolonging the weld and increasing heat generation.  
The changes in temperature with stud taper angle at the 11.5mm position are not 
as distinct. In all cases the temperatures for each stud taper angle increase with 
downward force. This is expected, as the contact pressure increases. Also, the 
increase from 15kN to 25kN is more significant than increasing from 25kN to 
35kN. This is similar to what was observed with all geometries at this 
measurement position. The effect of stud taper angle on temperature is not as 
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clear although the rate of climb appears to be higher with the larger stud taper 
angles, which may be due to the clearances closing more quickly.  
The three things that appear to effect the temperature response of a FHPP weld 
are; degree of contact between the plasticised material and the sidewall, the 
contact time, and the temperature of the plasticised material, Increasing the stud 
taper angle decreases the gap with the sidewall, thereby increasing the degree of 
contact. The contact time increases because of the delayed movement of the 
interface due to lower downward forces or larger stud taper angles. The 
temperature of the shear interface may increase because the larger interfacial 
area requires a higher temperature to create shear due to a lower induced stress, 
which are both a function of downward force and stud taper angle. Therefore, the 
21° stud welds generally appear to exhibit higher temperatures than the smaller 
stud taper angles.  
 
 
 
Figure 5-40: Temperature responses at 2.5mm as a function of downward force and stud 
taper angle for a 25° hole taper angle 
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Figure 5-41: Temperature responses at 11.5mm as a function of downward force and stud 
taper angle for a 25° hole taper angle 
 
 
 
Figure 5-42: Temperature responses at 20.5mm as a function of downward force and stud 
taper angle for a 25° hole taper angle 
 
There appears to be a correlation between the maximum temperatures at the 
11.5mm position, as shown in Figure 5-43, and the occurrence of bond line 
defects. All low force welds showed major defects along the bond line and 
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recorded temperatures below 780°C. None of the other welds showed major 
defects and higher temperatures, although it should be noted that both the 
medium and high force welds with a 12.5° stud produced inconsistent fatigue 
results. This shows that although a weld may reach a certain temperature deemed 
to be likely to produce a weld with no significant defects, it does not guarantee a 
defect free weld. The distribution of defects is not axis-symmetrical and therefore 
the temperatures measured around the weld may also differ, depending on the 
measurement positions proximity to such defects.  
Interestingly, this minimum temperature is higher than that of the welds using a 
15° and 20° hole taper angle which were 730° and 770°C respectively. If one 
assumes that to create satisfactory bonding, an optimum temperature of the 
plasticised stud material is required in combination with a complete degree of 
contact with the sidewall, then the temperature of the sidewall should be relatively 
constant. Larger hole taper angles increase the width and volume of the weld 
thereby creating shallower heat gradients. Since the distances between the 
sidewall and measurement positions are constant at around 2.5mm, the larger 
hole taper angles should measure higher temperatures for similar welds. 
Therefore, the minimum temperature required to produce satisfactory welds will 
depend on the size and geometry of the hole, and the measurement position 
relative to it.  
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Figure 5-43: Maximum temperatures for 25° holes at the 11.5mm position as a function of 
downward force for different stud taper angles 
 
5.4.4 FATIGUE ANALYSIS 
The fatigue test results are shown in Table 5-8 along with the geometry and 
process parameters. Each weld is designated by the hole taper angle, stud taper 
angle, downward force and sample number (e.g. sample 2512-M-F1 = 25° hole 
taper angle, 12.5° stud taper angle – medium downward force – fatigue sample 
#1).  
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Table 5-8: Summary of fatigue test parameters and results for 25° hole taper angle 
 
Weld ID Hole 
taper 
angle (°) 
Stud 
taper 
angle (°) 
Input 
downward 
force (kN) 
Average 
downward 
force (kN) 
Forge 
force 
(kN) 
Rotational 
speed 
(rpm) 
Input 
plunge 
depth 
(mm) 
Number 
of cycles 
to failure 
(Top) 
Number 
of cycles 
to failure 
(Middle) 
Number 
of cycles 
to failure 
(Bottom) 
2512-M-F1 25 12.5 25 24.3 15.2 5000 10.3 152259 326674 275706 
2512-M-F2 25 12.5 25 24.3 15.4 5000 10.3 290232* 262722* 369672 
2512-M-F3 25 12.5 25 24.3 15.2 5000 10.3 19743* - 368485 
2512-M-F4 25 12.5 25 24.2 15.2 5000 10.3 210393 233200 304937 
 Average   168157 274199 329700 
2512-H-F1 25 12.5 35 35.2 14.8 5000 10.3 359249 0* 357566 
2512-H-F2 25 12.5 35 34.8 14.9 5000 10.3 506220 - 274725 
2512-H-F3 25 12.5 35 34.9 15.3 5000 10.3 258505 - 338456 
2512-H-F4 25 12.5 35 34.8 15.3 5000 10.3 5640* 266037* 289338 
Average   282404 133019 315021 
2519-M-F1 25 19 25 24.2 17.9 5000 5.8 95811*** - 383542 
2519-M-F2 25 19 25 24.3 18 5000 5.8 154552 295227 366114 
2519-M-F3 25 19 25 24.3 18 5000 5.8 528093 135256 379854 
2519-M-F4 25 19 25 24 17.9 5000 5.8 732796 236016 328443 
Average   377813 182166 364488 
2519-H-F1 25 19 35 35 17.8 5000 5.8 676723 814732 368535 
2519-H-F2 25 19 35 35.1 17.8 5000 5.8 1344834 391060 - 
2519-H-F3 25 19 35 34.9 18 5000 5.8 507497 196922 339597 
2519-H-F4 25 19 35 35.2 18.1 5000 5.8 699791 590337 428006 
Average   807211 498263 378713 
2521-M-F1 25 21 25 24.9 18.8 5000 4.7 312273 268943 314923 
2521-M-F2 25 21 25 24.3 18.5 5000 4.7 166460*** 221297 327807 
2521-M-F3 25 21 25 24.4 18.6 5000 4.7 321558 155042 447332 
2521-M-F4 25 21 25 24.3 18.4 5000 4.7 211769 226016 398587 
Average   253015 217825 372162 
2521-H-F1 25 21 35 34.8 18.4 5000 4.7 251828 - 471456 
2521-H-F2 25 21 35 34.7 18.3 5000 4.7 369708 155751 374084 
2521-H-F3 25 21 35 35.3 18.8 5000 4.7 246435 297280 276580 
2521-H-F4 25 21 35 35.5 18.8 5000 4.7 217978 358710 311324 
Average   271487 270580 358361 
*Bond line initiation                                                          **Weld nugget initiation                                                 ***Flash crack initiation 
  
 
Figure 5-44 shows the fatigue test results of 25° hole taper angle welds using a 
12.5° stud taper angle. Middle sample failures occurred at both medium and high 
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forces with the initiation site found mostly along the bond line as shown in Figure 
5-44b, d & f. An exception is sample 2512-H-F4, which initiated a crack in the weld 
nugget, even though the fatigue life was not much less than that of the parent 
plate. Top sample 2512-M-F3 failed at a life below 20x103 from a flash crack. This 
may have been mitigated by using higher plunge depths and forge forces, but this 
is not certain. The considerably low life exhibited would indicate substantial 
defects, so although the average fatigue life is not greatly reduced compared to 
the parent plate, repeatability is an issue and this geometry is not recommended. 
Middle sample 2512-H-F1 exhibited severe lack of bonding which failed even 
before reaching the fatigue load. Both the top and middle samples of weld 2512-H-
F4 also failed. Therefore, regardless of the parameters used, this geometry is not 
recommended.  
Figure 5-45 shows the fatigue test results of the welds, using a 19° stud. None of 
the middle samples failed in the weld indicating satisfactory bonding. However, top 
sample 2519-M-F1 failed from a flash crack which was clearly visible on the top 
surface. This flash crack defect was also observed on the sectioned macrograph 
as shown in Figure 5-33e. The fatigue life was nominally lower than 105 cycles, 
which is significantly lower than that of the parent plate, but it is likely that an 
increase in plunge depth and forge force would mitigate such defects. This is 
similar to top sample 2521-M-F2 shown in Figure 5-46a, which would also be 
improved by increasing the plunge depth and forge force. Therefore both 19° and 
21° studs can be used with 25° holes using forces between 25kN and 35kN with 
reasonable success. However, further testing should be performed to verify 
whether other parameter alterations would lessen the occurrence of the flash 
crack defect. 
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Figure 5-44: 25° hole taper angle and 12.5° stud taper angle fatigue test results with macros of welds that failed in the weld with initiation sites 
indicated of samples: a) 2512-M-F2 Top (FC), b) 2512-M-F2 Middle (BL), c) 2512-M-F3 Top (FC), d) 2512-H-F1 Middle (BL), e) 2512-H-F4 Top (FC), 
and f) 2512-H-F4 Middle (WN). (BL = Bond line initiation, WN = Weld nugget initiation, FC = Flash crack initiation) 
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Figure 5-45: 25° hole taper angle and 19° stud taper angle fatigue test results with macro of 
weld that failed in the weld with initiation sites indicated of sample: a) 2519-M-F1 Top (Flash 
crack failure) 
 
 
Figure 5-46: 25° hole taper angle and 21° stud taper angle fatigue test results with macro of 
weld that failed in the weld with initiation sites indicated of sample: a) 2512-M-F2 Top (Flash 
crack failure 
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larger than 0.8mm were observed for any stud taper angles using medium and 
high downward forces, although the bonding along the hole bottom fillets was 
shown to be inferior to 15° and 20° hole taper angle welds. A slight dip in hardness 
was observed for weld 2512-H at the center of the weld which has also been 
observed for all high force, small stud taper angle welds in the 15° and 20° hole 
taper angle matrices, however in this case the dip is not as severe. This is 
normally attributed to shorter weld times and lower energy inputs. Therefore, it 
would make sense that the welds with smaller hole taper angles would exhibit the 
largest drop in the center since the pressures exerted on the stud would be the 
highest and the weld time the shortest, which is shown to be the case. In 
comparison, the largest drop of all welds in the hole taper angle matrix is seen on 
weld 1575-H which dropped below 250HV, as shown previously in Figure 5-4. 
The overall torque responses were shown to increase with downward force which 
indicates that the average energy input rate increases. There appears to be a 
slight increase in average energy input rate with stud taper angle, which is linked 
to torque magnitudes. The longer weld times associated with larger stud taper 
angles, however, produce significantly higher total energy inputs. This will be 
elaborated upon in Section 5.5. The plunge depth rates tend to accelerate towards 
the end of rotation, as was also observed with the smaller hole taper angles, 
especially with larger stud taper angles and high forces. The larger stud taper 
angles produce closer contact with the sidewall, thereby increasing the heat 
conduction to the stud producing quicker shear. This mechanism is not as 
prevalent with the larger hole taper angles as with the smaller ones, because the 
cross-sectional area increase is much greater with the larger stud taper angles 
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used with the larger hole taper angles, reducing the shear stress on the stud 
material above the interface. 
For all temperature measurement positions, the larger stud taper angles produced 
steeper climbs at all downward forces, and is attributed to better contact with the 
sidewall as the average energy input rate was relatively constant. In most cases 
the highest temperatures were recorded for the 19° or 21° studs due to better 
contact with the sidewall and longer weld times. There also appears to be a 
correlation between the maximum temperatures at the 11.5mm position and the 
quality of bonding. All welds using a low downward force exhibited maximum 
temperatures below about 780°C and produced a major lack of bonding whereas 
all the others showed higher temperatures and had no defects larger than 0.8mm.  
However, the fatigue results showed that 12.5° studs do not produce repeatable 
welds with one middle sample failing at medium force, and two at high force, so 
the temperature data does not guarantee satisfactory welds but is rather a method 
of screening out unsatisfactory welds. One top fatigue sample failed using medium 
downward force for both 19° and 21° studs due to flash crack defects, and in both 
cases could possibly be mitigated by increasing the plunge depth and forge force, 
but this would need to be investigated further.   
Table 5-9 shows the overall results of the 25° hole taper angle matrix. Similar to 
the 15° and 20° hole taper angle matrices, 15kN was not sufficient to produce 
satisfactory welds, regardless of the geometry used. Also, similar to the 20° hole 
taper angle matrix, a small stud taper angle relative to the hole taper angle did not 
produce consistent FHPP welds. Satisfactory welds were produced with 19° and 
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21° studs at around 35kN, and may possibly also produce satisfactory welds at 
25kN if the plunge depth and forge force were increased. 
Table 5-9: Summary of results for 25° hole taper angle 
 
 
5.5 PROCESS RESPONSE ANALYSIS FOR COMBINED TAPER 
ANGLE MATRIX 
To better understand the factors influencing the process responses, analyses were 
performed to quantify the effects. Table 5-10 gives a more detailed account of the 
effects of downward force, hole taper angle and stud taper angle on the process 
responses. The data was also discussed in detail for each hole taper angle matrix 
in their respective sections, but this analysis gives more information on the actual 
ratings and significance for each variable, allowing for a more definitive analysis.  
A sample calculation of predicting the average energy input rate is shown in 
Equation 8 with a more comprehensive summary of the statistical analyses given 
in Appendix F. No interactions or polynomials are included in the regression, so it 
is not necessarily the most accurate regression model, but is rather used to simply 
determine the effect and magnitude of each independent variable. The designation 
of the response is either positive, or negative. A positive sign indicates that 
 
Highly un-recommended: Exhibited defects >0.8mm, 
or fatigue lifetimes <10
5
 
Use with caution: Weld failures for lifetimes over 10
5
, 
or no samples reached 3x10
5 
so results uncertain, or 
alteration of other parameters may improve results 
Recommended: No weld failures with samples 
reaching over 3x10
5
 
Strongly not recommended: Exhibited defects >0.8mm, 
or fatigue lifetimes <10
5
 
Use with caution: Weld failures for lifetimes over 10
5
, 
or no samples reached 3x10
5 
so results uncertain, or 
alteration of other parameters may improve results 
Recommended: No weld failures with samples 
reaching over 3x10
5
 
CHAPTER 5: HOLE TAPER ANGLE MATRIX 
 
181 
 
increasing the relevant factor increases the response whereas a negative sign will 
have the opposite effect. It should be noted that some of the signs used may be 
incorrect due to inaccuracies in the relevant models and are indicated by an 
asterisk and are deemed not to be significant (*). It should be noted that the effects 
are only valid for the ranges of the factors used. The p-value of each factor such 
as shown in Appendix F gives an indication of its validity. The smaller the p-value, 
the more significant the effect. It is generally accepted that values larger than 5% 
(p>0.05) indicate an insignificant effect. To further validate the model, the 
regression model is recalculated using standardised coefficients and are indicated 
as “b*”. The formula used is shown in Equation 9. Owing to the fact that each 
variable uses a different scale, the values of the regression coefficients, indicated 
as “b”, do not give an accurate indication of their relevant strengths. By using 
standardised coefficients, the relevant strengths can be determined with larger 
values having a greater effect. The independent variables with the largest 
standardised coefficients have the greatest effect on the output and form the basis 
for the relevant rankings. For example in Appendix F, average energy input rate: 
the standardised coefficient of the average energy input rate is highest for 
downward force indicating that it has the greatest effect and this value gives a 
numerical indication of its relevant strength in comparison to the taper angles. Also 
included are the residual plots of each independent variable (factor) and these 
give an indication of the applicability of the regression model. An equal distribution 
of data points above and below zero is desirable and this indicates a normal 
distribution. All of the factors influencing the average energy input rate appear to 
have a reasonable distribution indicating the regression model is acceptable. 
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 ̂                      
 ̂                                      
Where: 
                   ̂  = Predicted energy input rate     [kJ/s] 
               DF  = Downwards force       [kN] 
             HTA  = Hole taper angle       [°] 
             STA  = Stud taper angle       [°] 
 
  
    
   
  
 
Where: 
                   
   = Standardised coefficient 
                    = Regression coefficient 
                   = Standard deviation of independent variable 
                    = Standard deviation of dependant variable 
  
Equation 8 
Equation 9 
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Table 5-10: Effects of downward force, hole and stud taper angles on process responses 
                                Independent variable 
Process response 
Downward force 
(DF) 
Hole taper angle 
(HTA) 
Stud taper angle 
(STA) 
Average energy input 
rate 
Effect  Positive  Negative Positive* 
Ranking  1 2 3 
Significance  Significant  Significant  Not significant 
Total energy input Effect  Negative  Positive  Positive  
Ranking  1 2 3 
Significance  Significant  Significant  Significant  
Weld time Effect  Negative  Positive  Positive  
Ranking  1 2 3 
Significance  Significant  Significant  Significant  
Temperature (2.5mm) Effect  Positive*  Negative  Positive  
Ranking  3 2 1 
Significance  Not significant Significant Significant  
Temperature (11.5mm) Effect  Positive  Positive*  Positive*  
Ranking  1 2 3 
Significance  Significant Not significant Not significant 
Temperature (20.5mm) Effect  Positive  Negative*  Positive*  
Ranking  1 3 2 
Significance  Significant  Not significant Not significant 
*p > 0.05 
 
As expected, downward force has the most significant effect on average energy 
input rates and total energy as discovered by Bulbring [23] and Van Zyl [54]. 
Downward force has a positive effect on the average energy input rate but a 
negative effect on the total energy input because of its negative effect on weld 
times. The positive effect on the average energy input rate relates to the equation 
Vill [61] proposed back in 1962 that shows a direct relationship between heat 
generation and the axial pressure, as shown previously in Equation 4 in Section 
2.4.1.2.1. Heat generation is directly related to energy input. 
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The second most influential parameter is hole taper angle which has a negative 
effect on the average energy input rate. This appears to be the case due to the 
effect of clearance between the sidewall and the stud. If the hole taper angle is 
increased for a fixed stud taper angle, the gap between the sidewall and the stud 
is larger due to the diverging tapers. This reduces the contact between the 
plasticised stud material and the sidewall, and is often observed when small stud 
taper angles are used in combination with large hole taper angles, as lack of 
bonding defects. The reactive force on the stud, and hence the resistance to 
rotation, is reduced. Since the clearance is greater with the larger hole taper 
angles it follows that the torque, and hence the average energy input rate, should 
be decreased. This is similar to what was observed by Hattingh et al [25] where 
small clearances created excessive torque requirements due to interference with 
the sidewall. 
The stud taper angle appears to have a minor positive effect on the average 
energy input rate that may be due to a larger cross-sectional area of the stud. This 
also correlates to Vills equation [61] where heat input is directly related to the radius 
of the stud (see Equation 4). However, there is a significant positive effect on the 
total energy input due to a positive effect on the weld time because of the larger 
cross-sectional area, even though lower plunge depths are required to fill the hole. 
The stud taper angle appears to have the largest influence on the temperature at 
the 2.5mm position with a positive effect. This is probably due to the smaller 
clearance associated with the larger stud taper angles which produces better 
contact with the sidewall and causes the bond line to shift outwards by displacing 
more material around the hole, bringing the hot plasticised stud material closer to 
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the measurement point. The hole taper angle has a negative effect on the 
temperature which again is likely due to lower contact with the sidewall, even 
though the volume of plasticised stud material increases with the larger hole taper 
angle, and the lower stud/hole taper angle ratio displaces less parent material 
around the hole. Downward force is shown to have the lowest effect on the 
temperature, albeit a positive one which may also displace the bond line to more 
of a degree and consolidate the hot plasticised material. 
Downward force has the largest influence on the temperature at the 11.5mm 
position with a positive effect and is likely due to the degree of contact with the 
sidewall. The hole and stud taper angles generally have minor positive effects on 
the temperature, which is expected for the stud taper angle due to improving 
contact with the sidewall, and may be due to delayed contact which allows more 
time for heat generation and increased stud material displacements required to fill 
the hole with the larger hole taper angles. 
The situation at the 20.5mm position is similar with downward force having the 
largest influence with higher forces likely producing better contact with the 
sidewall, hence the positive effect. Therefore, this shows consolidation along the 
sidewall increases with downward force at the middle and lower regions of the 
hole. Again the stud taper angle has a minor positive effect which is also likely due 
to better contact. Hole taper angle has little effect on temperatures possibly due to 
the small gaps between the stud and the sidewall at the lower part of the hole. 
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A full regression of the factors influencing the total energy input with all the 
possible interactions is included and takes the following form before eliminating 
less significant factors: 
 
 
Where:  
             Êtotal  = Total predicted energy input    [kJ] 
    DF  = Downward force       [kN] 
  HTA  = Hole taper angle       [°] 
  STA  = Stud taper angle       [°] 
 
By eliminating the factors that have less of an influence, i.e. factors with p-values 
more than 0.05, the formula is reduced to the following: 
 
 
 
This regression model gives an adjusted R2 accuracy of 87% with a standard error 
of 16.6kJ giving a reasonably accurate prediction of energy inputs for different 
downward forces and hole and stud taper angles. This regression can be used for 
identification of energy efficient welds and for comparison with conventional welds.   
 
  
Equation 10 
Equation 11 
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Table 5-11: Summary of the total energy input regression model for different hole and stud 
taper angles 
 
Total energy input 
(kJ) 
b* b p-value Lower 95% Upper 95% 
Intercept  149.9167 7.07E-31 131.3323 168.501 
Downward Force (kN) -0.55195 -3.30467 7.65E-32 -3.70307 -2.90626 
Hole Taper Angle (°) 0.523606 6.665832 1.04E-21 5.555941 7.775723 
Stud Taper Angle (°) 0.403634 5.351495 1.04E-15 4.214575 6.488414 
R=0.93641, R
2
=0.87687, Adjusted R
2
=0.87363, Standard Error of estimate: 16.59446 
 
5.6 FATIGUE ANALYSIS FOR COMBINED TAPER ANGLE 
MATRIX 
The overall results for the combined hole taper angle matrix are shown in Table 
5-12. It is apparent that regardless of the geometry, 15kN downward force does 
not produce satisfactory, repeatable results. However, the best geometry at low 
force does appear to be a 13° stud in combination with a 15° hole with only one 
out of four samples failing in the weld, which also happened to be the weld with 
the lowest downward force. This may indicate that a nominally higher downward 
force may produce satisfactory FHPP welds and that the pressure on the contact 
area affects the consolidation of the weld. For example: weld type 1513-L has a 
larger contact pressure than any of the other low force welds using either 20° or 
25° hole taper angles since the average cross-sectional area is smaller and the 
force is approximately the same. By contrast, all four fatigue samples of weld type 
2017-L failed below 40x103 cycles. Higher forces are generally required for larger 
hole taper angles.  
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The second apparent outcome is that with larger hole taper angles, namely 20° 
and 25°, smaller taper angles relative to the hole taper angle do not produce 
repeatable results regardless of the downward force. Smaller stud taper angles 
increase the gap between the plasticised stud material being ejected away from 
the rubbing interface and the sidewall thereby decreasing contact.  
 
 
Table 5-12: Summary of results for combined hole taper angle matrix 
 
 
Based on the fatigue tests results for the hole taper angle matrix, a regression 
model was fitted to try and predict the fatigue performance of a FHPP weld. The 
fatigue tests showed that the middle samples were in most cases the weakest, or 
if the top samples showed failure in the weld, it either corresponded to failure in 
the same welds middle sample, or could likely be mitigated by altering other 
parameters. Therefore the middle sample results were used to predict the overall 
performance of a weld. The parameters used included: downward force, hole taper 
angle and stud taper angle. After elimination of insignificant factors (p>0.05) the 
regression was reduced to the following: 
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Where: 
                  ̂ = Predicted fatigue life     [cycles] 
               DF  = Downward force      [kN] 
             HTA  = Hole taper angle      [°] 
             STA  = Stud taper angle      [°] 
 
Table 5-13 shows the summary of the regression model used to predict the fatigue 
life of 10CrMo910 FHPP welds. The maximum fatigue life was limited to 105 cycles 
as this gave the most accurate model. This means that the model is somewhat 
conservative and does not predict lifetimes above 105 cycles. The actual results 
can be referred to for the appropriate parameters and geometries if higher 
lifetimes are required. Each factor is ranked according to the degree of its 
influence with a ranking of 1 having the largest influence. An adjusted R2 value of 
50.8% indicates that the model has a relatively high level of uncertainty, but it is a 
fairly useful indicator. All of the factors listed show the same negative or positive 
sign for both the upper and lower 95%, therefore the magnitude of the effect of 
each factor may have a possible range and may differ from the listed value, but 
the sign of the listed effect indicated is likely correct. It is clear that downward force 
has the largest effect with hole taper angle and stud taper angle having less of an 
effect, but since the p-values are low, the taper angles still have a significant 
effect. Although some stud/hole combinations do not produce satisfactory results 
regardless of the force used, in most cases reasonable results can be attained if 
Equation 12 
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the correct force is used. It should also be noted that this may only hold true for 
the range of stud and hole taper angles used and for other fixed geometries such 
as the fillet radii and the base diameters used. Testing outside of the matrices 
would be likely to produce different results to those predicted. 
Table 5-13: Summary of the fatigue life regression model 
 
 
Fatigue life (cycles) b* b p-value Ranking  Upper 95% Lower 95% 
Intercept  -27090.6 6.795E-01  -157203 103022.7 
Downward Force (kN) 3.205407 16384.7 1.647E-05 2 9298.00 23471.37 
Hole Taper Angle (°) -1.26022 -12661.9 1.293E-04 4 -18909.8 -6414.04 
Stud Taper Angle (°) 0.260517 2704.71 1.498E-02 5 541.01 4868.42 
DF^2 -4.51163 -452.904 3.489E-10 1 -577.76 -328.050 
DF*HTA 2.203256 426.741 2.910E-04 3 203.10 650.379 
R=0.7342008, R
2
=0.5390507, Adjusted R
2
=0.5083208, Standard Error of estimate: 28094.97 
 
Figure 5-47 shows a representation of the effects of downward force, hole taper 
angle and stud taper angle on fatigue life as predicted by the regression model. 
Larger stud taper angles increase the fatigue life and correspond with the positive 
regression coefficient. Both the lower and upper 95% coefficients show a positive 
sign and this indicates that there is at least a 95% chance that larger stud taper 
angles increase the fatigue life. There appears to be a range of downward forces 
that produce the highest fatigue life for each hole and stud taper angle. This 
correlates with the actual results shown in Table 5-12. None of the stud and hole 
taper angle combinations produced minimal defects and high fatigue life at the full 
range of downward forces. Also, larger hole taper angles require higher downward 
forces to produce optimum weld properties. Larger stud taper angles are required 
for the larger hole taper angles and hence the interfacial areas increase thereby 
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increasing the force required to produce similar pressures at the interface. This 
regression is a useful tool for recognising trends and can be used to identify 
satisfactory weld settings for specific situations without the need for performing 
excessive testing.    
 
   
  
 
 
Figure 5-47: The effects of downward force and stud taper angle on fatigue life for a) 15° 
hole taper angles, b) 20° hole taper angles and c) 25° hole taper angles as predicted by the 
fatigue life regression model 
a) b) 
c) 
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CHAPTER 6: HOLE DIAMETER MATRIX 
6.1 INTRODUCTION 
In all tests up to this point, hole base diameters of 10mm have been used. This 
section investigates the effects of increasing the hole base diameter to 11mm and 
12mm while keeping the hole and stud taper angles fixed at 20° and 15°. No 
satisfactory fatigue test results were previously achieved in the hole taper angle 
matrix using a downward force of 15kN, therefore welds were only tested at 25kN 
and 35kN and are designated as medium and high downward force respectively.  
6.2 RESULTS OF HOLE DIAMETER MATRIX 
The process parameters, hole base diameters and responses are shown in Table 
6-1. The torque and energy responses are discussed in Section 6.2.2. FHPP 
welds with hole base diameters larger than 10mm are designated by the hole base 
diameter and the downward force used. (e.g. weld B11-M = 11mm hole base 
diameter – medium downward force of 25kN). Owing to motor stall with the 
loadcell in position, weld B12-H had to be repeated without the loadcell, which 
means that there is no torque or energy data for B12-H, or any of the welds used 
for subsequent fatigue tests where a hole base diameter of 12mm was used. The 
associated flash formations, macrographs and defects are shown in Figure 6-1, 
Figure 6-2 and Figure 6-3. Welds displaying no defects above 0.8mm are 
indicated by green ticks, such as indicated in Figure 6-1 and Figure 6-2, whereas 
welds excluded from fatigue testing because of larger defects are indicated by red 
crosses. 
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Table 6-1: Process parameters, hole base diameters and responses of initial metallurgical 
analysis for different downward forces and hole base diameters in conjunction with a 20° 
hole taper angle and a 15° stud taper angle 
 
Weld 
ID 
Hole 
base 
diameter 
(mm) 
Input 
downward 
force (kN) 
Average 
downward 
force (kN) 
Forge 
force 
(kN) 
Rotational 
speed 
(rpm) 
Input 
plunge 
depth 
(mm) 
Total 
energy 
input 
(kJ) 
Average 
energy 
input rate 
(kJ/s) 
Weld 
time 
(sec) 
Defect 
measurement 
(mm) 
DF-25 10 25 24.6 17.5 5000 6 278 7.8 35.8 0.5 + 0.5 
DF-35 10 35 34.9 17.3 5000 6 239 8.9 26.9 <0.4 
B11-M 11 25 24.5 16.7 5000 8.2 296 7.9 37.7 0.4 
B11-H 11 35 35.2 16.6 5000 8.2 293 9.3 31.7 <0.4 
B12-M 12 25 24.6 16.9 5000 10.4 336 8.2 40.9 <0.4 
B12-H 12 35 35.8¤ 17.3¤ 5000 10.4 - - 29.0* 2.4 + 0.9 
Multiple defects marked as “+”                                  ¤Force based on hydraulic pressure                               *Time based on welding machine data 
 
6.2.1 MACRO, MICRO AND HARDNESS ANALYSIS 
The macrographs show that the secondary flash formations of the medium force 
welds decrease with larger hole base diameters. Increasing the hole base 
diameter increases the gap between the stud and the sidewall, thereby likely 
decreasing contact between the plasticised stud material and the sidewall and 
hence making the secondary flash less axis-symmetrical. This is similar to the 
effect of using a low downward force, such as in Figure 6-1a, but not as dramatic. 
For all the high force welds, localised regions of secondary flash formation are 
evident as indicated. It would appear as though these features occur at an early 
stage of the weld and are carried away by subsequent secondary flash formation 
and may suggest that early contact between the primary flash is relatively 
aggressive compared to lower forces. This flash feature appears to occur at a later 
stage with weld B12-H as it is located closer to the center axis of the weld and is 
likely due to delayed contact with the sidewall.  
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In terms of defects on the sidewall, increasing the hole base diameter only 
appears to have a significantly negative impact at about 12mm. However, bonding 
along the hole fillet deteriorates with diameters of 11mm as shown in Figure 6-3e. 
At 12mm and high force this defect has become critical with a defect size of about 
2.4mm as shown in Figure 6-2g-i, along with a defect in the weld nugget as shown 
in Figure 6-2g-ii. The higher force likely exacerbates this problem by reducing the 
contact time with the fillet and the sidewall by moving the shear interface upwards 
at a faster rate. Indeed the lack of bonding on the fillet appears to be more 
prominent with the higher downward forces, as shown in Figure 6-3e & gi.  
 
Figure 6-1: Flash formations of the FHPP welds in the hole diameter matrix 
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Figure 6-2: Macrographs of FHPP welds etched in 2% Nital for the different hole base 
diameters using different downward forces with defects indicated, as shown in Figure 6-3 
 
 
Figure 6-3: Defects observed for FHPP welds in the hole diameter matrix with the bond line 
of sample B12-H indicated in g-ii). (a), e), f) &g) etched in 2% Nital, all others unetched) 
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Figure 6-4 and Figure 6-5 show the hardness measurements of FHPP welds using 
hole base diameters of 11mm and 12mm respectively. Similar hardness 
measurements were taken for the standard geometry samples as discussed in 
Section 5.3.1. Sample B11-M shows an almost constant hardness across the weld 
nugget, whereas sample B11-H shows an increase towards the outer part of the 
hole and a slight dip in the center. For samples B12-M and B12-H, there is almost 
no difference in hardness for the different downward forces except for a slight drop 
in the center for sample B12-H.   
 
 
Figure 6-4: Vickers microhardness measurements at 1.5mm of samples using a 11mm hole 
base diameter for medium and high downward forces 
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Figure 6-5: Vickers microhardness measurements at 1.5mm of samples using a 12mm hole 
base diameter for medium and high downward forces 
6.2.2 TORQUE AND ENERGY INPUT ANALYSIS 
The torque and plunge depth responses for 11mm and 12mm hole base diameters 
are shown in Figure 6-6 and Figure 6-7. The torque response of sample B12-H is 
not included because excessive vibration caused the motor to stall, and the weld 
had to be repeated without the loadcell. This made the setup more rigid and 
reduced the amount of vibration, allowing the motor to complete the weld.  
Welds B11-M and B11-H show that the torque magnitude increases with force 
along with the plunge depth rate. At high force the plunge depth rate accelerates 
slightly towards the end, which is similar to what was observed with many other 
FHPP welds, e.g. standard geometry as shown in Figure 5-22. In comparison, 
B12-H shows a more linear response. For welds with smaller gaps normally more 
of the heat generated would be contained in the stud flash and would be 
conducted back to the stud thereby weakening it. The larger gap between the stud 
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and the sidewall decreases the reciprocal pressure from the sidewall and hence 
heat conduction to the stud above the shear interface. This reduced contact is also 
evident in the secondary flash formation, as shown in Figure 6-1b, d & f. The 
plunge depth rate of sample B12-M shows a deceleration towards the end in 
contrast to sample B11-M which shows an almost linear response. This shows a 
similar trend to that of samples B11-H and B12-H and can also be attributed to the 
degree of contact between the plasticised stud material and the sidewall. 
The torque response of sample B12-M shows a flatter trend compared to that of 
sample B11-M. Contact between the plasticised stud material and the sidewall 
increases the torque response by interfering with the rotation of the stud. The 
larger gap of sample B12-M means that the weld is approaching a scenario, where 
the weld behaves in the same manner as a stud weld on a flat surface, and stud 
material is deposited on top of previously recrystallised stud material with little 
interference from the sidewall.  
Normally the heat conduction from the plasticised stud material is conducted back 
to the stud, due to containment of the material by the sidewall, which weakens the 
stud material above the shear interface making shear occur more readily thereby 
reducing the torque magnitude. It therefore follows that the torque magnitudes of 
the FHPP welds with larger hole base diameters should be higher than those with 
smaller diameters which appears to be the case. This is mirrored by slightly higher 
average energy input rates as shown in Table 6-5 and will be discussed later in 
this section. 
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Figure 6-6: Torque and plunge depth responses of samples using a 11mm hole base 
diameter 
 
 
 
Figure 6-7: Torque and plunge depth responses of samples using a 12mm hole base 
diameter (B12-H torque not included) 
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ranked with a ranking of 1 having the greatest effect and is determined by the 
value of the standardised coefficient. Factors with a p-value larger than 0.05 are 
considered insignificant. Similar to the results obtained for the hole taper angle 
matrix, downward force has the largest effect on average energy input rate and 
weld time and confirms that downward force has more of an effect than geometry. 
Downward force has a positive effect on the average energy input rate but has a 
negative effect on the total energy input due to the negative effect on weld time. 
Hole diameter has a significant positive effect on the average energy input rate 
and is mirrored by higher torques. This is attributed to the lack of contact between 
the plasticised stud material and the stud which reduces heat conduction to the 
stud and thereby produces higher torques contributing to longer weld times. 
Increased hole diameters produce higher total energy inputs, partly because of the 
increased average energy input rates, and partly because of the higher plunge 
depths required to fill the hole which also produces longer weld times.  
 
Table 6-2: Effects of downward force, and hole diameter on process responses 
 
                       Independent variable 
Process response 
Downward force 
(DF) 
Hole diameter  
(HD) 
Average energy 
input rate 
Effect  Positive  Positive 
Ranking  1 2 
Significance  Significant  Significant  
Total energy input Effect  Negative  Positive  
Ranking  1 2 
Significance  Significant  Significant  
Weld time Effect  Negative  Positive  
Ranking  1 2 
Significance  Significant  Not significant* 
*p>0.05 
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The equation for the total energy input is shown below with the summary shown in 
Table 6-3. The adjusted R2 value is only 64.5% which is somewhat low, but this 
may be due to the relatively low number of observations. Unfortunately, little 
torque data is available for the welds with 12mm holes which makes the 
regression less certain. The standard error is about 17.4kJ and is only slightly 
higher than the total energy input regression for the hole taper angle matrix. 
 
 
 
Where: 
             Êtotal = Total predicted energy input     [kJ] 
             DF  = Downward force       [kN] 
             HD = Hole diameter      [mm] 
 
Table 6-3: Summary of the total energy input regression model for different hole diameters 
 
Energy input (kJ) b* b p-value Lower 95% Upper 95% 
Intercept  63.78918 0.24866414 -46.176 173.7544 
Downward Force (kN) -0.80443 -2.87958 3.206E-11 -3.54098 -2.21819 
Hole Diameter (mm) 0.484684 28.9947 3.719E-06 17.94174 40.04765 
R=0.812485, R
2
=0.660131, Adjusted R
2
=0.644683, Standard Error of estimate: 17.3869 
 
6.2.3 TEMPERATURE ANALSYIS 
The temperature responses of FHPP welds with a hole base diameter of 10mm, 
11mm and 12mm are shown in Figure 6-8, Figure 6-9 and Figure 6-10. For 
medium force welds at the 2.5mm position, there is a nominal difference in 
temperature for hole base diameters of 10mm and 11mm, but at 12mm it drops off 
significantly while also showing a delayed response. This is likely due to a drop in 
Equation 13 
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contact pressure on the sidewall due to the larger clearance. It should be noted 
that the thermocouple positions of weld B11-M were measured to be about 0.5mm 
closer to the sidewall than the other welds which would increase the recorded 
temperature due to the temperature gradient. Nonetheless, the temperature for 
sample B12-m was by far the lowest. At high force there is a nominal increase up 
to 12mm which may just be due to the increased plunge depth required to fill the 
hole and the high force producing better contact than the medium force welds. 
Larger plunge depths increase the heat sink effect of the flash formation, and 
hence the highest total energy input, for which there is no data due to having no 
torque data, but based on tests in the hole taper angle matrix is very likely. To 
illustrate this point, at medium force, the total energy input increases with hole 
base diameter, as shown in Table 6-1 this is also likely to be the case with high 
force.  
For high force samples at 11.5mm below the surface there is little appreciable 
difference in magnitude but for each increase in hole base diameter the 
temperature response is delayed. At medium forces sample DF-25 shows 
stagnation in temperature at around 24 seconds in comparison to sample B11-M 
which continues to increase. Again, the closer proximity of the thermocouples of 
sample B11-M would likely account for the high temperature, although it is likely 
that the trend would be similar. For sample DF-25, the interface is likely to move 
upwards past this measurement position at a faster rate due to having a smaller 
volume of hole to fill and more contact with the sidewall. Indeed, the weld time is 
shorter with the smaller hole base diameter. At 12mm, the temperature for the 
medium force weld increases more gradually, which is probably due to a delay in 
contact with the sidewall.  
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There is very little difference in the responses at 20.5mm of all samples with a hole 
base diameter of 10mm and 11mm, except for a significant delay in response for 
the 11mm welds. There is, however, a marked difference with the 12mm hole base 
diameter welds with both showing a delay in response. Sample B12-M shows the 
lowest response which again is likely to be due to a lack of contact. In contrast, 
weld B12-H shows the slowest response of all but climbs to a temperature about 
100°C higher than any of the other welds. It may be that, although the gap is the 
largest of all geometries, the higher force allows the plasticised material to 
adequately contact the sidewall. However, the defect along the bottom fillet as 
shown in Figure 6-3g may indicate that this degree of contact is not achieved 
along the fillet. The high rate of heat generation at high force and the delay in 
plasticised stud material contacting the sidewall due to the larger clearance may 
account for the high magnitude observed. 
 
 
 
Figure 6-8: Temperature response at 2.5mm as a function of downward force and hole base 
diameter 
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Figure 6-9: Temperature response at 11.5mm as a function of downward force and hole base 
diameter 
 
 
 
Figure 6-10: Temperature response at 20.5mm as a function of downward force and hole 
base diameter 
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temperature below about 770°C, exhibiting large defects along the bond line and 
producing failure along the bond line during fatigue testing. However, middle 
fatigue sample B12-M-F1 initiated a crack from the weld nugget just inside the 
bond line, which may be due to defects located in the weld nugget, similar to that 
of sample B12-H. All of the other weld combinations showed no defects above 
0.8mm and produced satisfactory fatigue performances, with the exception of weld 
B12-H which had substantial defects. However, besides the fillet defect, another 
defect was observed at some 0.4mm from the bond line within the weld nugget. 
The temperature recorded for weld B11-M is probably not comparable to the other 
welds and too high due to the position of measurement being closer to the 
sidewall. 
 
 
 
 
Figure 6-11: Maximum temperatures measured at the 11.5mm position as a function of 
downward force for different hole base diameters 
 
600
650
700
750
800
850
900
10 15 20 25 30 35 40
M
ax
im
u
m
 t
e
m
p
e
ra
tu
re
 (
°C
) 
Average downward force (kN) 
10mm
11mm
12mm
CHAPTER 6: HOLE DIAMETER MATRIX 
 
206 
 
6.2.4 FATIGUE ANALYSIS 
The process parameters and results for the different hole base diameters are 
shown in Table 6-4. All samples prefixed with “SF” form part of the downward 
force matrix and are discussed in Chapter 4. Each weld with a hole base diameter 
larger than 10mm is designated by the hole base diameter, downward force and 
sample number (e.g. B11-M-F1 = hole base diameter of 11mm – medium 
downward force of 25kN – fatigue sample #1).  
 
Table 6-4: Summary of fatigue test parameters and results for different hole base diameters 
 
Weld ID Hole 
base 
diameter 
(°) 
Input 
downward 
force (kN) 
Average 
downward 
force (kN) 
Forge 
force 
(kN) 
Rotational 
speed 
(rpm) 
Input 
plunge 
depth 
(mm) 
Number of 
cycles to 
failure 
(Top) 
Number of 
cycles to 
failure 
(Middle) 
Number of 
cycles to 
failure 
(Bottom) 
SFL1 10 15 14.5 17.2 5000 6 294428 16155* 585678 
SFL2 10 15 14.3 17.1 5000 6 309324 11831* 264944 
SFL3 10 15 14.3 17.0 5000 6 114970 15154* 225461 
SFL4 10 15 14.4 16.7 5000 6 225172 201329* 239941 
Average   235974 61117 329006 
SFM1 10 25 25.1 16.7 5000 6 135581 259709 261066 
SFM2 10 25 25.4 16.6 5000 6 264694 469897 361812 
SFM3 10 25 25.9 16.8 5000 6 251116 273621 235945 
SFM4 10 25 25.9 16.7 5000 6 232157 281597** 246902 
Average   220887 321206 276431 
SFH1 10 35 35.3 17.1 5000 6 707465 425483 303665 
SFH2 10 35 35.5 17.3 5000 6 284182 143688** 311110 
SFH3 10 35 35.5 16.8 5000 6 135047 261296 318933 
SFH4 10 35 35.3 17.0 5000 6 966346 430417 170508 
Average   523260 315221 276054 
B11-M-F1 11 25 24.5 16.9 5000 8.2 403348 652964 368894 
B11-M-F2 11 25 24.4 16.7 5000 8.2 289768 293162 431480 
B11-M-F3 11 25 24.4 16.7 5000 8.2 1002597 208825 333204 
B11-M-F4 11 25 24.4 16.7 5000 8.2 649469 198968 - 
Average   586296 338280 377859 
B11-H-F1 11 35 35.0 16.5 5000 8.2 118799 270899 398024 
B11-H-F2 11 35 34.6 16.4 5000 8.2 512985 273638 474766 
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B11-H-F3 11 35 34.9 16.6 5000 8.2 347502 179866 185967 
B11-H-F4 11 35 34.7 16.4 5000 8.2 - 356381 - 
Average   326429 270196 352919 
B12-M-F1 12 25 25.4¤ 17.4¤ 5000 10.4 134492 173502** 279289 
B12-M-F2 12 25 25.0¤ 17.1¤ 5000 10.4 287887 238793 319610 
B12-M-F3 12 25 24.6¤ 17.3¤ 5000 10.4 770070 301054 - 
B12-M-F4 12 25 24.8¤ 17.2¤ 5000 10.4 145378 370753 274724 
Average   334457 271026 291208 
¤Force based on hydraulic pressure 
*Bond line initiation                                                                 **Weld nugget initiation                                              ***Final interface initiation 
 
 
All samples with a larger hole base diameter than 10mm failed in the parent plate, 
with the exception of middle sample B12-M-F1 which failed from the weld nugget 
just inside the bond line at a significantly lower fatigue life than the parent plate, as 
shown in Figure 6-12. Therefore welds with a hole base diameter up to 11mm can 
be used but 12mm is not recommended.  
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Figure 6-12: Standard stud geometry with varying hole base diameter fatigue test results with macro of weld B12-M-F1 that failed in the weld 
nugget (WN) with initiation site indicated
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6.2.5 SUMMARY 
The hole base diameter was increased by 1mm increments from 10mm to 12mm 
to determine the effects on defect population and dynamic performance. The 
secondary flash formation appears to become less prevalent and axis-symmetrical 
with larger hole base diameters at medium force, which would appear to indicate a 
decline in contact with the sidewall. Increases in hole base diameter, however, did 
not produce major lack of bonding along the sidewall but did produce a significant 
defect of about 0.9mm at a position some 0.4mm inside the bond line with sample 
B12-H, which is likely to be a consequence of the large clearance. Also, bonding 
along the bottom fillets began to deteriorate with the larger diameter welds with 
weld B12-H producing a relatively large defect of about 2.4mm. Hardness 
measurements of sample showed B11-H showed higher hardness at regions in 
the weld nugget just inside the sidewall whereas with the welds using a hole base 
diameter of 12mm the variation in hardness across the weld nugget was relatively 
small.  
Increasing the downward force produced an increase in the torque magnitude of 
11mm welds which is the same for all the other geometries tested in the hole taper 
angle matrix. What is interesting is that the torque magnitudes, as observed by the 
average energy input rates, increased nominally with the larger hole base 
diameter welds. This is attributed to a lack of containment of the plasticised stud 
material due to the larger clearances between the stud and the sidewall which 
would usually conduct heat to the stud thereby weakening it, causing shear to 
occur more readily and reduce the torque.  
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The welds with larger hole base diameters showed delayed temperature 
responses, although not necessarily lower temperatures which may be expected 
due to the larger clearances. This is likely attributable to higher average energy 
input rates, the increase in total energy input due to the higher plunge depths 
required for the larger holes, and the delay in contact which allows more time for 
heat to be generated.  
Fatigue tests showed good bonding for the 11mm diameter welds with no weld 
failures, however middle sample B12-M-F1 did fail through the weld. High force 
welds using 12mm diameters were not performed due to large defects on the fillet 
and in the weld nugget. Therefore, welds with hole base diameters of 12mm or 
more are not recommended. 
The results of FHPP tests for varying hole base diameters are shown in Table 6-5. 
Low force welds for 11mm and 12mm diameter were not performed as it was 
deemed very likely that such welds would be unsatisfactory, as was observed with 
all the welds in the hole taper angle matrix . The standard hole base diameter of 
10mm produced reasonably satisfactory welds at 25kN and 35kN, although there 
were isolated cases where samples failed through the weld nugget below 3x105 
cycles. For 11mm hole base diameters, all samples showed no defects above 
0.8mm, and no weld fatigue failures occurred. For 12mm samples, bonding along 
the bottom fillet deteriorated badly. At high force a vertical defect of 0.9mm was 
observed in the weld nugget high up on the sidewall at some 0.4mm from the bond 
line, which is likely to be a cause of low contact pressure between the plasticised 
stud material and the sidewall due to a large clearance. Reasonable fatigue results 
were achieved for a 12mm hole base diameter at 25kN, although with somewhat 
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poorer bonding along the bottom fillet as shown in Figure 6-3f. Therefore, it would 
appear that a hole base diameter of between 11mm and 12mm is the maximum 
that will produce satisfactory welds. Increasing the diameter further is likely to 
produce welds of unsatisfactory quality.  
In comparison, Meyer [27] managed to successfully increase the hole diameter of 
parallel-sided welds to 30% larger than the stud diameter, where for a 10mm stud 
the hole diameter was 13mm. A range of hole diameters from 10.5mm to 13mm 
was attempted. However, a hole diameter of 12mm was chosen as the best size 
for the stud used based on bend tests and the appearance of the HAZ. It was 
therefore likely that 13mm was deemed as inferior to 12mm. 
Hattingh et al [25] showed for AISI 1018 that increasing the hole diameter from 
11mm to 13mm, for a 10mm stud, significantly reduced the quality of the FHPP 
weld. Bonding along the sidewall was quantified as a ratio of the total peripheral 
length of the hole of the sectioned sample and showed a significantly lower ratio 
for the 13mm hole. This also shows that there is a limit to the hole diameter that 
can be used successfully in conjunction with a specific stud diameter.  
Table 6-5: Summary of results for hole diameter matrix 
 
 
 
 
Highly un-recommended: Exhibited defects >0.8mm, 
or fatigue lifetimes <10
5
 
Not recommended: Weld failures for lifetimes over 10
5
, 
or no samples reached 3x10
5 
so results uncertain, or 
alteration of other parameters may improve results 
Recommended: No weld failures with samples 
reaching over 3x10
5
 
Strongly not recommended: Exhibited defects >0.8mm, 
or fatigue lifetimes <10
5
 
Us  with caution: Weld failures for lifetimes over 10
5
, 
or no samples reached 3x10
5 
so res lts uncertain, or 
alteration f other parameters may improve results 
Reco mended: No weld failures with samples 
reaching over 3x10
5
 
CHAPTER 7: ANALYSIS OF RESULTS 
 
212 
 
CHAPTER 7: ANALYSIS OF RESULTS 
 
7.1 MODELLING OF HOLE CLEARANCE AND INTERFACE 
CONTACT PRESSURE 
To try and theoretically explain what is happening during a weld, a simple method 
was developed to approximate the clearance between the stud and the sidewall as 
the shear interface progresses upward. Since the flow of plasticised material and 
the progression of the shear interface are difficult to measure, not to mention that 
the shear interface does not stay flat but becomes conical, certain assumptions 
have to be made to simplify the model. By approximating the position of the shear 
interface, it is also possible to determine the theoretical cross-sectional area of the 
shear interface and thereby approximate the normal pressure on the weld at any 
point during a weld.  
An assumption that is made to simplify the model is that the position of the shear 
interface is flat and moves linearly with plunge depth. At the point where the 
theoretical amount of plasticised stud material is just sufficient to fill the hole, the 
interface is assumed to have moved to a position in line with the top of the hole. Of 
course, this is not actually the case as the final shear interface is conical due to 
plasticised stud material being pushed upwards past the stud and ends up at a 
position below the top of the hole, even with plunge depths in excess of what is 
sufficient to fill the hole. However, it is assumed that the periphery of the shear 
interface reaches the top of the hole once it is filled, as shown in Figure 7-1a. 
Looking at a series of interrupted FHPP weld performed by Meyer, as shown in 
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Figure 7-1b, it appears that the interface moves at a slower rate than predicted. At 
the position depicted in Figure 7-1b-i, it seems that little flash has passed above 
the shear interface. However, at the position b-ii, there is clearly flash above the 
shear interface, some of which has already escaped above the hole. This would 
render the plunge depth approximation required to fill the hole somewhat 
insufficient. So it would appear that in reality, the shear interface would move at a 
rate somewhat slower than the model would predict, and this slower pace should 
be noted.  
 
Figure 7-1: a) schematic of clearance model showing the conical interface at the top of the 
hole at the theoretical point where the hole filled, b) interrupted weld performed by Meyer 
showing flash exiting the top of the hole before the conical interface has reached the same 
position at ii 
[27]
 
The first step is to determine the theoretical position of the shear interface as a 
ratio of plunge depth required to fill the hole, as shown in Figure 7-2. The 
assumption is that the shear interface moves linearly with plunge depth, and so 
the function of the linear response is attained. The interface position of the 25mm 
deep hole is shown on the right side of Figure 7-2. When the interface position is 
at the bottom of the hole (25mm) the plunge depth ratio is 0%. Once the hole is 
 
a) b) 
i ii iii 
Shear 
interface 
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filled, the interface position reaches the top of the hole (0mm) and the plunge 
depth ratio is 100%. A regression formula describes the movement of the interface 
as a function of plunge depth ratio and is the same for all 25mm deep holes as 
follows: y = -0.25x + 25. 
The second step is to determine the theoretical gap between the stud and the 
sidewall for each fatigue sample, i.e. top, middle and bottom, since the actual 
fatigue data for each position will be used as a comparison. This is done by using 
CAD software and is determined for the full range of plunge depths as a ratio of 
the total plunge depth up to the point where the hole is theoretically filled. The 
clearances for each position of the standard geometry are shown in Figure 7-2. 
The functions are then attained for the top, middle and bottom positions. Since the 
theoretical position of the shear interface as a function of the plunge depth ratio is 
known, the clearance at each fatigue sample position can be calculated. This is 
then plotted as the clearance progression. Theoretically, when the interface 
reaches the top, middle and bottom positions, the clearance between the stud and 
the sidewall occurs at the corresponding plunge depth ratio. For example, when 
the interface reaches the bottom sample position at a hole depth of 20.5mm, the 
plunge depth ratio is 18%. The clearance at the bottom position is defined as a 
function of plunge depth ratio as: y = -0.00587x + 0.62520. Since the plunge depth 
ratio is known to be 18% for the bottom position, it can be substituted into the 
equation to determine the clearance. The corresponding clearance at 18% plunge 
depth ratio is 0.52mm. Clearances for the middle and top positions are determined 
in the same manner.  
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Figure 7-2: Theoretical interface position, clearances for top, bottom and bottom positions, 
and the clearance progression as a function of the plunge depth ratio 
 
To calculate the pressure progression of the weld, the diameter of the stud at the 
start of the weld, and at the point of fill is first determined using CAD software from 
which the pressure for each downward force can easily be calculated. The 
pressure progression of each downward force is shown in Figure 7-3. Since the 
plunge depth ratio at the point where the interface reaches each fatigue sample 
position is known, the theoretical pressure for each sample can be determined for 
each downward force. For example: the diameter at the end of the stud (minimum 
diameter), ignoring the fillet radius, is 12.508mm and the diameter at the top of the 
hole at the point where the hole is filled is 20.265mm. Since the interface position 
moves linearly with plunge depth ratio (PDR) and is known to be 18% at the 
bottom position, the diameter can be calculated as shown in Equation 14. Once 
the diameter at the bottom sample position is known, the pressure can be 
calculated as shown in Equation 15. This method is then repeated for the different 
y = -0.00586x + 1.42900 
y = -0.00587x + 1.02720 
y = -0.00587x + 0.62520 
y = -0.25x + 25 
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sample positions and the progression of pressure at the interface is plotted against 
the plunge depth ratio. The same method is used for different forces. 
 
  
Where:  
       ø  = Stud diameter at specific position (mm) 
   ømin = Minimum stud diameter ignoring fillet (mm) 
    øfill = Diameter of stud at top of the hole at point of fill (mm) 
  PDR  = Plunge depth ratio fraction 
 
The pressure at this position for 15kN is therefore as follows: 
  
Where: 
       P  = Pressure at specific position (N/mm2 or MPa) 
    DF  = Downward force (N) 
       A  = Area at specific position (mm2) 
 
   
 
Equation 14 
 
Equation 15 
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Figure 7-3: Modeled pressure as a function of plunge depth ratio for low, medium and high 
downward forces with calculated clearance   
The theoretical clearances for the hole taper angle matrix are shown in Table 7-1a. 
These values can be compared to results from the hole taper angle matrix shown 
in Table 5-12. Clearances for the top sample positions are the largest, with the 
bottom positions the smallest for each geometry. The values calculated for the top 
positions, however, do not adequately describe what is actually happening. There 
are a few reasons for this: The clearances for the top position are calculated for 
plunge depth at the point where the hole is theoretically filled, and in reality plunge 
depths are somewhat larger. Once the hole is filled, the final shear interface does 
not progress upwards by a significant amount and remains fairly stationary until 
rotation stops which effectively closes this gap. This is why the bond line at the top 
of the weld bends outwards as the accumulation of primary flash displaces more of 
the parent plate around the hole. This region encompasses most, if not all, of the 
top fatigue samples, rendering the calculated clearance inaccurate. The calculated 
clearances for the top samples are therefore not considered and are indicated by 
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asterisks (*). Welds which show excessive clearances are indicated by the symbol 
ᵠ. 
Table 7-1: Theoretically calculated clearances of FHPP welds at fatigue sample positions 
for: a) different hole and stud taper angle combinations and b) hole base diameters.  
 
 
Clearance does describe the results from the middle and bottom positions fairly 
well. So, excluding the top sample results, it can be seen that for geometries 
where the clearance is larger than about 1.02mm, poor welds are produced. Only 
two geometries failed to produce any satisfactory results, regardless of the 
downward forces used. These include 10° stud and 20° hole, and 12.5° stud and 
25° hole taper angle combinations. The theoretical clearances are both the largest 
for any geometry at the middle positions with values of 1.17mm and 1.32mm 
respectively. In both cases where these were tested in fatigue, the middle fatigue 
samples were the ones that failed. Also, none of the bottom samples failed, 
regardless of the geometry or parameters used. The clearances for the bottom 
samples do not vary as significantly, and the largest clearance is calculated as 
0.65mm, which is significantly less than 1.02mm. 
7.5° 11° 13° 10° 15° 17° 12.5° 19° 21°
Top (mm) 1.44* 0.84* 0.53* 1.72* 0.90* 0.61* 1.99* 0.97* 0.69*
Middle (mm) 1.02 0.68 0.51 1.17ᵠ 0.71 0.55 1.32ᵠ 0.75 0.59
Bottom (mm) 0.59 0.52 0.48 0.62 0.52 0.49 0.65 0.52 0.49
STUD TAPER ANGLE
C
LE
A
R
A
N
C
E 
(m
m
)
Hole Taper Angle
15° 20° 25°
STUD TAPER ANGLE STUD TAPER ANGLE
10mm 11mm 12mm
Top (mm) 0.90* 1.15* 1.39*
Middle (mm) 0.71 1.06 1.40ψ
Bottom (mm) 0.52 0.97 1.42ψ
HOLE BASE DIAMETER
C
LE
A
R
A
N
C
E 
(m
m
)
* Values not relevant 
𝛙 Excessive clearances  
b) 
a) 
10mm 11mm 12mm
Top (mm) 90* 15* 1.39*
Middle ( ) 0.71 1.06 1.40ᵠ
Bottom (mm) 0.52 0.97 1.42
HOLE BASE DIAMETER
C
LE
A
R
A
N
C
E 
(m
m
)
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The results of the hole base diameter matrix are similar, and are shown in Table 
7-1b. Again, the clearances at the top positions are ignored. None of the 11mm 
hole base diameter welds failed, where the maximum clearance was calculated for 
the middle position of around 1.06mm. In contrast, the 12mm hole base diameter 
welds produced significant defects at high force, and failed at medium force albeit 
at a fatigue life of over 170x103 cycles. Also, none of the bottom samples failed 
although the calculated clearance was slightly larger. The 12mm hole base 
diameter geometry is the only geometry where the clearance decreased with 
plunge depth. Therefore, there may be a throttling effect as the stud moves 
downwards and the clearance reduces keeping the plasticised stud material at the 
lower regions of the weld. If one looks at the defects found along the bottom fillet 
of the 12mm welds such as shown in Figure 6-3g-i, it is obvious that contact with 
the sidewall is insufficient. The hole fillet is found just below the position of the 
bottom sample so it may be that although the bonding along the sample may be 
sufficient, lack of bonding has instead manifested along the fillet. 
 
Once the geometries have been screened by calculating the theoretical clearance, 
the change in pressure can be approximated as a function of the plunge depth 
ratio and compared to actual results. Again, the results of the top samples can be 
excluded, and are indicated as asterisks (*) in Table 7-2. The main reason for this 
is that the forge force may consolidate the pooling of plasticised material and 
affect bonding along the top of the hole. Also, the pooling of flash complicates the 
model. There appears to be a reasonable link between the calculated pressures 
for the middle position shown in Table 7-2, and the actual results. Geometries with 
excessive clearances are not considered and are highlighted in grey. Welds which 
were excluded from fatigue testing due to defects are assumed to exhibit these 
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defects at the middle position, and hence produce low fatigue lifetimes at this 
position, and are indicated by the symbol ᶱ. Samples that were tested in fatigue 
and failed below 105 cycles are indicated by the symbol ᵠ. 
Table 7-2: Theoretically calculated pressures of FHPP welds at fatigue sample positions for: 
a) different hole and stud taper angle combinations and b) hole base diameters.  
 
 
 
Looking at the calculated pressures for the middle samples it can be seen that the 
lowest pressure that gave acceptable results was about 98.6MPa (2521-M) 
whereas the maximum pressure was about 159.4MPa (2015-H). All other FHPP 
welds with a calculated pressure above or below this either exhibited defects or 
failed below 105 cycles. All other welds within this pressure range produced fatigue 
lifetimes above 105 cycles, with the exception of 2017-H welds.  
The pressures calculated for the bottom samples at low force (e.g. sample 2017-L) 
are very similar to that of the minimum pressure calculated for sample 2521-M and 
Pressure 7.5° 11° 13° 10° 15° 17° 12.5° 19° 21°
Top (MPa) 69.8* 60.6* 56.3* 60.0* 50.3* 46.9* 51.9* 42.3* 39.5*
Middle (MPa) 84.6ᶱ 77.6ᶱ 74.3ᵠ 76.6ᶱ 68.3ᵠ 66.2ᵠ 69.4ᶱ 60.6ᶱ 59.2ᶱ
Bottom (MPa) 104.8ᶱ 103.3ᶱ 102.2 101.9ᶱ 99.5 99.5 99.0ᶱ 96.6ᶱ 97.1ᶱ
Top (MPa) 116.3* 101.1* 93.9* 99.9* 83.8* 78.2* 86.5* 70.5* 65.8*
Middle (MPa) 140.9 129.3 123.9 127.7ᶱ 113.9 110.3 115.7ᵠ 101.0 98.6
Bottom (MPa) 174.6 172.2 170.3 169.8ᶱ 165.8 165.8 165.0 161.0 161.8
Top (MPa) 162.8* 141.5* 131.4* 139.9* 117.3* 109.5* 121.1* 98.7* 92.1*
Middle (MPa) 197.3ᶱ 181.1ᶱ 173.4ᵠ 178.7ᵠ 159.4 154.4* 161.9ᵠ 141.4 138.1
Bottom (MPa) 244.5ᶱ 241.0ᶱ 238.4 237.7 232.1 232.1 231.0 225.4 226.6
Hole Taper Angle
15kN 
(Low)
25kN 
(Medium)
35kN 
(High)
D
O
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N
W
A
R
D
S 
FO
R
C
E
STUD TAPER ANGLE STUD TAPER ANGLE STUD TAPER ANGLE
15° 20° 25°
Pressure 10mm 11mm 12mm
Top (MPa) 50.3* 47.9* 45.7*
Middle (MPa) 68.3ᵠ 65.7ᶱ 63.4ᶱ
Bottom (MPa) 99.5 97.9ᶱ 96.4ᶱ
Top (MPa) 83.8* 79.9* 76.1*
Middle (MPa) 113.9 109.6 105.7
Bottom (MPa) 165.8 163.1 160.7
Top (MPa) 117.3* 111.9* 106.6*
Middle (MPa) 159.4 153.4 147.9
Bottom (MPa) 232.1 228.4 225.0
D
O
W
N
W
A
R
D
S 
FO
R
C
E 15kN 
(Low)
25kN 
(Medium)
35kN 
(High)
HOLE BASE DIAMETER
 Geometry excluded due to clearance 
* Values not relevant 
ᶱ Excluded from fatigue testing 
𝛙 No satisfactory welds produced  
 
a) 
b) 
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no bottom fatigue samples failed for any weld tested. However, with the bottom 
samples the calculated pressures for high downward forces were all well in excess 
of 200MPa and did not fall in the range between 98.6MPa and 159.4MPa as 
calculated to be an acceptable range for the middle samples, yet the fatigue 
sample lifetimes were still high. The reason for this may be that at this stage of the 
weld the temperatures were relatively low, and while the pressures are quite high, 
the flow stresses would still be relatively high thereby hindering the flow of 
plasticised stud material away from the shear interface. Also, the small clearance 
probably ensured good contact with the sidewall. However, the relatively cold 
plasticised stud material was carried away by the arrival of new stud material 
which had sufficient time to reach diffusion temperatures and bonded readily with 
the sidewall. 
It appears as though using a clearance and pressure model works reasonably well 
for characterising contact and thereby predicting the quality of FHPP welds at the 
middle regions of the weld. If one compares the results of the model with work 
performed on parallel-sided FHPP welds by Hattingh et al [25], certain similarities 
can be seen. A clearance of 0.5mm (11mm diameter hole with 10mm stud) gave 
satisfactory results whereas 1.5mm (13mm diameter hole with 10mm stud) gave 
significantly inferior results. According to the clearance model, a maximum 
clearance of about 1.06mm achieved satisfactory results which appears to show 
that there is some correlation. Hattingh et al [25] also increased the weld downward 
force by 3kN increments from 9kN to 24kN. Welds using a downward force of 
between 12kN and 18kN achieved the best results which give equivalent 
pressures of 78MPa and 136MPa respectively. The minimum and maximum 
pressures calculated for results in this work give a working range of between 
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98.6MPa and 159.4MPa as the middle samples are fairly similar. This does appear 
to show that using the clearance and pressure model can give a reasonable 
indication of weld quality for a range of different geometries. It also appears to 
show that higher forces can be used with tapered geometries. 
7.2 EFFECT OF POST WELD HEAT TREATMENT 
The details of sample PW-M are shown in Table 7-3. PWHT was performed as per 
the ASME B31.1 code for Grade 22 steels which specifies a range of between 
704°C and 760°C for 1hr/25mm for thicknesses up to 50mm. All other matrices in 
this work used preheat but were not subjected to PWHT. It is often considered that 
PWHT improves the properties of welds by reducing the residual stresses [66] and 
tempering the microstructures such as bainite and martensite [88]. However, PWHT 
can distort and degrade the microstructure, especially if it is not applied correctly 
[88]. No post weld heat treatment of welds in the downward force, hole taper angle 
and hole base diameter matrices was performed. Standard geometry welds were 
repeated using PWHT to determine the effects on hardness and fatigue properties.  
 
Table 7-3: Geometry, process parameters and details of PWHT for sample PW-M 
 
Weld ID Hole taper 
angle (°) 
Stud taper 
angle (°) 
Input 
downward 
force (kN) 
Average 
downward 
force (kN) 
Forge force 
(kN) 
Rotational 
speed (rpm) 
Input plunge 
depth (mm) 
DF-25 20 15 25 24.6 17.5 5000 6 
PW-M 20 15 25 25.5 18 5000 6 
 
7.2.1 HARDNESS 
The hardness profile of sample PW-M is compared to FHPP weld DF-25 from 
Chapter 4, in Figure 7-4. Both samples used the same downward force and 
geometry but weld PW-M was subjected to post weld heat treatment (PWHT). The 
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drop in hardness is clearly evident across the HAZ and weld nugget and is similar 
to the results achieved by Wedderburn [5] as shown previously in Figure 2-29. The 
range in hardness of the as-welded sample was approximately 200HV, whereas 
after PWHT the range was reduced to approximately 70HV. Therefore, PWHT is 
reasonably effective in restoring hardness to values similar to that of the parent 
plate. 
 
 
Figure 7-4: Hardness comparison at 1.5mm below the surface between DF-25 and PW-M 
which have the same geometry and process parameters 
 
7.2.2 FATIGUE TESTS 
The results of the fatigue tests are shown in Table 7-4. The bottom samples were 
tested using a magnetic resonance fatigue testing machine, which is the same 
machine used for all the other tests, but due to testing problems the top and 
middle samples were tested on a hydraulic testing machine. There was a definite 
drop in fatigue life between the fatigue testing platforms used which makes 
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analysis problematic. However, some conclusions can still be drawn. All fatigue 
tests used an R-ratio of -1 and a maximum stress of 260MPa.  
 
Table 7-4: Results of the fatigue tests which were subjected to PWHT 
 
 
Weld ID Hole 
taper 
angle 
(°) 
Stud 
taper 
angle 
(°) 
Input 
downward 
force (kN) 
Average 
downward 
force (kN) 
Forge 
force 
(kN) 
Rotational 
speed 
(rpm) 
Input 
plunge 
depth 
(mm) 
Number of 
cycles to 
failure 
(Top) 
Number of 
cycles to 
failure 
(Middle) 
Number of 
cycles to 
failure 
(Bottom) 
SFM1 20 15 25 25.1 16.7 5000 6 135581 259709 261066 
SFM2 20 15 25 25.4 16.6 5000 6 264694 469897 361812 
SFM3 20 15 25 25.9 16.8 5000 6 251116 273621 235945 
SFM4 20 15 25 25.9 16.7 5000 6 232157 281597** 246902 
Average   220887 321206 276431 
PW-F1 20 15 25 25.3 17.9 5000 6 
⌂
43030 
⌂
116145 207247 
PW-F2 20 15 25 24.9 17.4 5000 6 
⌂
215294 
⌂
69605* 285792** 
PW-F3 20 15 25 24.9 17.6 5000 6 
⌂
70373 
⌂
108080 189134 
PW-F3 20 15 25 24.8 17.5 5000 6 
⌂
50173 
⌂
69604* 132209 
Average   94718 90859 203596 
Average number of cycles to failure of parent sample = 308893 
⌂
Tests performed on Instron hydraulic machine                           *Bond line initiation                                                            **HAZ edge initiation 
 
 
 
One of the middle fatigue samples of the as-welded equivalent (DF-25) failed due 
to a crack initiation from the weld nugget at a lifetime of 91% of the parent plate. In 
comparison, two of the four heat treated middle samples also initiated cracks from 
the weld nugget before failing at a lifetime of only 23% of the parent plate tested 
on the Instron as shown in Figure 7-5a, b.  
Bottom sample PW-F2 was the only bottom sample to fail through the weld as 
shown in Figure 7-5c. None of the as-welded bottom samples failed, regardless of 
the geometry or parameters used. It is evident that initiation occurred from the 
edge of the sample and progressed towards the bond line. The HAZ extends to 
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the edge of the sample where initiation occurred. It is likely that with the as-welded 
samples the harder HAZ would have exhibited a higher tensile strength thereby 
preventing initiation from the edge. Although final fracture occurred through the 
weld, failure did not occur due to defects within the weld nugget or along the bond 
line. Therefore, although the mode of failure appears to be the same as the as-
welded samples, the likelihood of failure may be somewhat higher with PWHT. 
 
Figure 7-5: Fatigue test results with macros of welds that failed through the weld with 
initiation sites indicated of samples: a) PW-F2 Middle (WN), b) PW-F4 Middle (WN) and c) 
PW-F2 Bottom (HAZ edge) 
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7.3 SUMMARY 
This chapter details a method of determining the correct geometry and downward 
force for friction hydro pillar process welds. The clearances between the stud and 
the sidewall, and the interfacial pressures during welding were calculated. These 
were then compared to results from the hole taper angle and the hole diameter 
matrix. Welds that would likely exhibit defects, and produce poor fatigue life, could 
be predicted without the need for testing. The middle samples typically had the 
highest occurrence of defects and the lowest fatigue life and the calculated 
clearances and interfacial pressures compared well with the results of samples 
from this region. It was discovered that if a maximum clearance was exceeded, 
defective welds would likely be produced, regardless of the parameters used. 
Also, the range of interfacial pressures that produced satisfactory welds were 
determined, and showed good correlation with welds performed on a similar alloy 
by Hattingh et al [25]. This method can be used to screen out poor welds and help 
with making critical decisions regarding the safe use of FHPP welds in industry. 
The effects of post weld heat treatment on FHPP welds were investigated. 
Standard geometry welds at 25kN downward force were repeated, subjected to 
heat treatment and compared to as-welded samples using the same process 
parameters. The hardness of the weld nugget and associated heat affected zone 
were substantially reduced with a variation of about 70HV across the weld 
compared to about 200HV for the as-welded samples. Fatigue tests of the middle 
samples showed the same mode of failure as the as-welded samples, albeit at a 
lower fatigue life. 
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CHAPTER 8: CONCLUSIONS AND 
RECOMMENDATIONS 
8.1 INTRODUCTION 
Most of South Africa’s coal-fired power stations are operating beyond their 
recommended lifetimes [1] which makes monitoring and maintenance critically 
important in preventing catastrophic failure of the high pressure components. 
Creep degradation of 10CrMo910 steel alloy, a widely used material in high 
pressure and temperature components, is a predominant problem that has to be 
watched carefully. A novel technique of extracting cylindrical core samples from 
thick-walled steam carrying pipes, and plugging the resultant hole by means of 
friction hydro pillar processing (FHPP), has been earmarked as a potential method 
of evaluating the residual life of thick-walled components. One of the main issues 
preventing the implementation of the process is that the effects of parameters and 
preparation geometry on the performance of FHPP welds are unknown. Since 
these high pressure components are safety critical, further research is required to 
improve confidence in the FHPP weld process before roll out in the power stations.  
The effects of downward force, hole taper angle, stud taper angle and hole base 
diameter on the average energy input rates, total energy input, weld time, near 
interface temperatures, flash formation, defect population, hardness profile, tensile 
properties and fatigue performance were evaluated. It is proposed that the results 
in this work will assist with process-related decision making. 
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8.2 SUMMARY 
This work has successfully shown that process parameters and geometrical 
variations affect process responses and cyclical material strength of 10CrMo910 
friction hydro pillar process welds. Downward force was chosen as the main 
process parameter to influence the strength of FHPP welds and was the first factor 
to be investigated. A minimum force of 15kN was identified from work performed 
by Wedderburn [5] while the force capabilities of the welding platform limited the 
maximum force to 35kN. This allowed for a downward force process window of 
15kN to 35kN and this was used as the force range of all the tests in this work.  
Downward force was found to have a significant effect on bonding along the 
sidewall of the FHPP welds. Welds using a low downward force of 15kN produced 
defects larger than 0.8mm stipulated as the maximum allowable defect size by the 
ASME IX Boiler and Pressure Vessel Code [85]. Temperatures below 750°C were 
recorded at the same distance below the top of the weld for the 15kN welds, 
whereas 25kN and 35kN welds produced temperatures above 800°C. The lower 
temperatures at 15kN were linked to defects observed at the same position and 
are attributed to lack of contact between the hot plasticised stud material and the 
sidewall. Three samples were taken from each weld subjected to fatigue testing 
and are designated as top, middle and bottom. Middle samples extracted from low 
force welds in the same region where the defects were observed also exhibited 
low fatigue life with initiation occurring from defects along the bond line. Therefore 
low force welds are strongly recommended against as they could compromise the 
integrity of thick-walled steam carrying components. Welds using forces of 25kN 
and 35kN produced lifetimes comparable to that of the parent plate, with minimal 
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weld failure, and are therefore favourable for implementation in these steam-
carrying components. Plasticisation of consumable stud material displaces parent 
plate material surrounding the hole causing the formation of what is termed 
secondary flash above the weld. The structure of the secondary flash was linked to 
the occurrence of defects along the bond line and was identified as an early 
indicator of defective welds. This allows for inspection without the need for 
destruction of the weld or surrounding material.  
Methods of standardising the plunge depth and forge force for different geometries 
were developed. These allow for easy determination of the appropriate values 
without the need for testing. Based on the results of the downward force matrix, a 
3x3 matrix of welds consisting of hole taper angle, stud taper angle and downward 
force variations were welded and is referred to as the hole taper angle matrix. 
Welds were sectioned and analysed with those exhibiting defects larger than 
0.8mm excluded from further fatigue testing. Some combinations of hole and stud 
taper angles either produced significant defects or poor fatigue performance for 
the range of downward forces used. This indicates that certain geometries do not 
produce satisfactory welds in 10CrMo910 steel, regardless of the parameters used 
making the correct choice of geometry critical. Other geometries produced welds 
with minor defects and fatigue lifetimes similar to that of the parent plate if the 
correct downward force was used. No geometries produced satisfactory welds for 
the full range of downward forces used in this study. However, smaller hole taper 
angles allow for lower forces to be used which is important to note when choosing 
geometries as these can allow for use of platforms with lower force and motor 
power capabilities. This would mean that smaller, lighter and cheaper welding 
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machines could be used in situations where on-site creep sample removal is 
required.  
A correlation exists between the maximum recorded temperatures at a position of 
11.5mm below the top surface and the defects along the bond line at the same 
position. In some cases, no significant defects were observed on the sectioned 
welds but under dynamic conditions produced failure along the bond line. This 
shows that temperature measurements taken near the bond line can indicate a 
weld configurations susceptibility to crack initiation, even if no defects are 
observed.  
A specialised loadcell was designed and implemented to verify the forces during 
welding and measure the torque response. Torque is an important response and 
can reveal a large amount of information about FHPP welding. Beneficial 
derivatives of torque response include the average energy input rates and total 
energy inputs. These are useful as they allow for comparison between different 
parameters and geometries and can be used to identify more energy efficient 
combinations. In these tests downward force had the largest effect on average 
energy input rates and total energy inputs. Higher forces produced higher average 
energy input rates but lower total energy inputs due to shorter weld times. 
However, higher forces also produced higher torque responses, and the power 
requirement of the drive motor is hence greater for such forces. Therefore, 
geometries that require lower downward forces are desirable. These include welds 
with smaller hole taper angles that also require less power and less input energy. 
A regression model for the approximation of the total energy input was included as 
a function of downward force, hole taper angle and stud taper angle and is useful 
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for identifying more energy efficient combinations. It would also allow for energy 
comparisons with conventional welding techniques. 
The effects of downward force, hole taper angle and stud taper angle on near 
interface temperatures were statistically evaluated. Downward force had the 
greatest influence on temperatures at positions 11.5mm and 20.5mm below the 
top surface of 25mm deep FHPP welds. The temperatures were shown to be 
affected by the degree of contact between the plasticised stud material and the 
sidewall which was mostly influenced by the downward force. Statistical analysis 
of the hole taper angle matrix was performed to create a regression model to 
predict the fatigue life of FHPP welds. This will aid in making critical decisions 
regarding the implementation of FHPP welding in industry.  
The hole base diameter used for the standard geometry was increased by 1mm 
increments from 10mm to 12mm to determine its effect on bonding. Satisfactory 
results were obtained for 11mm welds but at 12mm the prevalence of defective 
welds increased making for unacceptable welds. Hole fillet bonding also worsened 
with increases in diameter. Therefore, there is a definite maximum hole base 
diameter that can be used for a fixed stud size in safety critical applications and 
should be taken into account. While the average energy input rate was again 
shown to increase with force, a significant increase was observed for welds with 
larger diameters along with the total energy input and weld time. The increase in 
average energy input rate is due to lesser contact between the plasticised stud 
material and the sidewall thereby reducing heat conduction to the stud and 
delaying stud shear. Temperature measurements of the larger diameter welds 
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showed a delay in response which is attributed to delayed contact with the 
sidewall.   
After analysing the downward force, hole taper angle and stud taper angle 
matrices, it was discovered that the correct combination of clearances between the 
stud and the sidewall, and interfacial pressures was required to produce welds 
with minimal defects and high fatigue life. A model was developed to approximate 
the clearance with the sidewall which could be used to screen out unacceptable 
geometries. Based on the results, it was discovered that none of weld geometries 
tested could produce satisfactory welds for the full range of downward forces 
between 15kN and 35kN. Other geometries produced unsatisfactory welds for the 
full range of downward force used. Calculating the interfacial pressures allowed for 
direct comparison between different geometries and a range of interfacial 
pressures was shown to produce good welds, whereas pressures lower and 
higher than this range produced defective welds. The calculated clearances and 
pressures also compared reasonably well with tests performed by Hattingh et al 
[25]. The use of these methods would allow for screening out the incorrect 
combination of geometry and downward force for FHPP welds without the need for 
excessive testing. This could save time and money that would normally be spent 
on testing and will allow for streamlining of weld optimisation.  
Research has shown that post weld heat treatment (PWHT) can improve or 
degrade the properties of welds [88]. PWHT was performed on standard geometry 
welds to determine whether it has a detrimental or beneficial effect on fatigue 
performance. Heat treatment reduced the hardness variation across the weld from 
about 200HV to about 70HV. The mode of failure of the fatigue samples did not 
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change, with initiation also occurring from the weld nugget, albeit at reduced 
lifetimes compared to the as-welded samples. 
8.3 RECOMMENDATIONS FOR FUTURE WORK 
 The fatigue test results in this work are mostly for as-welded samples with 
only one set repeated with PWHT which gave somewhat unclear results. 
Further work on the performance of heat treated samples should be 
conducted to verify their performance. Also, it is not guaranteed that welds 
which give satisfactory results in the as-welded condition would necessarily 
give satisfactory results in the post weld heat treated condition and would 
also need to be verified. 
 Although fatigue samples were extracted from various positions in the weld 
to acquire an indication of the variation in bonding integrity, less than half of 
the material of each actual weld was tested. This means that the 
performance of an entire weld is not guaranteed, so regions that were not 
included in testing may give different results. This may be specifically true 
of the region between the top and the middle samples, which extends from 
about 4.5mm to 9.5mm below the top surface, where many of the defects 
were situated. The weld nugget could not be tested in its entirety so may 
give different results to those reported, although the likelihood is that the 
performance would be improved. This, however, would need to be verified 
by testing complete welds. 
 Fatigue testing was conducted at an R-ratio of -1, a stress amplitude of 
260MPa, and on rectangular samples extracted perpendicular to the rolling 
direction. These factors gave specific results under these conditions. It is 
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therefore not guaranteed that other loading conditions and sample 
configurations would give similar results and further testing should be 
conducted in those situations to quantify the performance.   
 The hole clearance and interface pressure models can be used to identify 
alternative geometries for testing. This could include geometries with 
multiple tapers or rounded tapers. 
 Further research into the impact and creep properties of FHPP welds is 
suggested. Such tests would be of significant value as these would 
determine their performance in their intended industrial applications. The 
impact properties of the joint could be evaluated to give an indication of 
ductility of the joint. The creep performance of FHPP welds under high 
temperature conditions is not known and would need to be verified to 
ensure safe operation in high pressure applications.  
The fundamental knowledge generated by this study will assist in high level 
decision making with regard to the process parameters and geometries of friction 
hydro pillar processing. This will improve confidence in the process and allow for 
safe implementation of FHPP welding of 10CrMo910 creep resistant steel in 
critical applications. Creep sampling can be performed in conjunction with friction 
hydro pillar processing on high value components in the power generation industry 
without significantly compromising their integrity. The analysis of process 
responses, metallurgical properties and mechanical testing of FHPP welds in this 
study has increased our understanding of the process. 
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FEASIBILITY OF CORING AND PLUGGING DISSIMILAR STEEL 
WELDS BY USING FRICTION TAPER STUD WELDING 
 
D.L.H Bulbring, D.G. Hattingh, A. Els-Botes1 
 
1
Friction Processing Research Institute, Faculty of Engineering, The Built Environment & Information 
Technology, Nelson Mandela Metropolitan University, Port Elizabeth 6031, South Africa 
 
Abstract 
Friction Taper Stud Welding is a relatively new process that has been adapted from 
Friction Hydro Pillar Processing. This paper aims to provide information on the 
relationship between downwards force and consumable stud material on friction taper 
stud welding of 14MoV63 fusion welded pipe sections. Process torque responses were 
measured during welding and the energy inputs calculated. The macrostructural, 
microstructural and microhardness properties of each sample were analysed in the as-
welded condition. Weld process parameters and stud materials were related to the 
occurrence of defects to identify the best combination. Process measurements were then 
used to characterise the effects on weld quality. The best weld was then subjected to post 
weld heat treatment, and the microstructure and microhardness was re-evaluated to 
determine its effectiveness. 
 
1. Introduction  
 
Friction taper stud welding (FTSW) is a relatively new solid state bonding process that has 
been earmarked to assist with determining the creep damage of pressurised steam 
carrying vessels used in the power generation industry such as discussed by Nonaka [1]. 
Cylindrical samples are removed from the outer part of thick-walled pipes, which are then 
analysed in a laboratory to determine the residual life of the steel. The resultant hole is 
then plugged using friction taper stud welding which is a variant of its predecessor, friction 
hydro pillar processing (FHPP). 
FHPP involves rotating a consumable cylindrical shaft under load concentrically inside a 
blind hole of nominally larger diameter.  Friction between the shaft and the material at the 
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bottom of the hole causes significant heating of both parts. The increased temperature of 
the shaft material causes the shear strength to drop sufficiently until shear occurs above 
the present frictional interface so that a new interface is formed at this shear layer. Some 
of the deposited shaft material under the new interface then recrystallises and forms the 
base for the next frictional interface. This continually occurs until the interface reaches a 
level almost at the top of the hole. The rest of the displaced shaft material is forced 
outwards and upwards between the shaft and the hole sides until it spills out above the 
hole opening. This accumulation of displaced shaft/stud material is termed primary flash. 
The pressure exerted between the hot displaced shaft material and the hole wall causes 
some of the material surrounding the hole to be displaced outwards above the hole 
opening which is termed secondary flash. Under the correct conditions, atomic diffusion of 
the grains between the two streams of material forms a bond along the entire hole 
interface effectively joining the parts together.  
 
Friction hydro pillar processing was developed at The Welding Institute in the United 
Kingdom. The first publications of TWI (The Welding Institute) highlighted the processes 
potential as an alternative joining and repair method [2] [3]. Ambroziak and Gul [4] 
performed a series of underwater FHPP tests whilst Andrews and Mitchell [5] used 
overlapping welds in a process known as friction stitch welding. Thomas and Nicholas [6] 
expanded the process further by using a tapered hole with a slightly smaller tapered shaft 
or consumable stud which came to be known as friction taper stud welding. The tapered 
sides converge as the stud plunges into the material forcing out the excess displaced 
material, creating more intimate contact between the grains. This allows materials that are 
difficult to forge, and by implication friction weld using FHPP, to be joined more effectively 
by FTSW. Creep resistant chrome-molybdenum steels such as 10CrMo910 which were 
FTS welded by Hattingh et al [7] are typically difficult to fusion weld and require both 
preheat and post weld heat treatment (PWHT). The 14MoV63 parent plate and fusion 
weld metal experimented upon in this work also require pre and post heat treatment.  
 
The parameters known to influence the quality of FTS welds are namely; downwards 
force, rotational speed and plunge depth, which is the distance which the stud plunges 
into the base material. Hattingh et al showed that all three parameters strongly affect the 
strength of the bond in AISI 4140 steel FTS welded joints [8]. Included was the distribution 
of residual stresses in a typical 10CrMo910 weld. Also of importance is the geometry of 
the prepared tapered hole and the stud as shown by Meyer [9]. Little, however, is known 
about the effects of FTS welding of dissimilar materials.   
 
 253 
 
The work reported in this paper considers the effects of downwards force and consumable 
stud material chemical composition on plugging of blind holes, machined through the HAZ 
of previously welded 14MoV63 pipe sections, by means of FTSW. The 14MoV63 parent 
plate and the associated fusion weld metal used for these tests are difficult to weld by 
conventional methods due to high levels of chromium and molybdenum. This paper 
investigates the feasibility of using FTSW as an alternative method of plugging localised 
holes left behind after creep core sample removal. The 14MoV63 parent plate material 
used in this research falls under the same group of steels as the 10CrMo910 used in [7] 
[8]. Indeed, the core sampling method was initially developed for the power generation 
industry at the Nelson Mandela Metropolitan University (NMMU) for creep sampling of 
10CrMo910 pipes as outlined in [7]. This method was then suggested for possible 
application in 14MoV63 welded pipe sections. 
 
2. Experimental procedure 
 
14MoV63 pipes are welded to other pipes of the same or similar materials which are used 
to transport steam in the power generation industry. Over time creep damage occurs 
along the HAZ of the weld joint which needs to be ascertained after a period of service. 
Current methods of extraction involve either scooping (gouging) out samples or making 
metallurgical replicas of the outer surface. The removed sample or replica is then sent to a 
laboratory to determine the residual life of the component by means of void counting 
between the grains. In the case of the replica, obviously only the outer surface can be 
analysed. Statistical methods are used to extrapolate for the material through the 
thickness of the pipe wall which cannot be tested. The replica method is therefore limited 
so in some cases a sample needs to be removed through a greater part of the wall 
thickness by means of scooping. A new method of extraction is proposed whereby a 
cylindrical core sample is removed along the edge of the welded joint, the position of 
which is shown in Fig. 1. The coring and hole preparation process is shown in Fig. 2. A 
specialised tool is used to machine a tapered hole, leaving a cylindrical core (Fig. 2a). The 
core is then undercut and removed leaving a blind tapered hole (Fig. 2b) which is then 
plugged with a tapered consumable stud by means of the FTSW process (Fig. 2c). The 
protruding stud material and the associated flash is then dressed back (Fig. 2d). The 
position of the cylindrical core sample is important as it will determine the quality of the 
information extracted for creep testing. The sectioned side of each fusion weld metal 
sample, as indicated by an arrow in Fig. 1, was ground, polished and etched. The core 
was then superimposed over the fusion weld macrograph to determine its optimum 
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position as shown in Fig. 3. This position was measured relative to the edge of the weld 
bead and extrapolated to the outer surface of the weld metal. 
 
 Fig. 1 – Schematic of a dissimilar pipe weld section with the cylindrical core sample 
shown which is taken through the edge of the weld metal 
 
 
Fig. 2 – Coring and tapered hole preparation process. a) cylindrical core sample is 
machined, b) core sample is removed, c) FTS is performed, d) stud and flash is removed 
 
Cylindrical core sample 
 
14MoV63 parent plate 
 
Weld metal 
 
Heat Affected Zone 
(HAZ) 
 
c) b) a) d) 
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Fig. 3 – Position of core sample superimposed over fusion weld 
 
 
Table 1 – Parent plate, weld metal and stud material chemical compositions (wt%) 
Material  C Mn Si Cr Mo V Al Ni 
14MoV63 
(parent plate)* 
0.15 0.52 0.44 0.46 0.55 0.30 0.0082 0.18 
13CrMo45** 0.13 0.60 0.24 0.89 0.51 0.008 0.025 - 
10CrMo910 
(stud)** 
0.11 0.54 0.26 2.08 0.91 - - 0.10 
Weld metal* 0.039 0.37 0.10 2.52 0.49 0.01 0.007 <0.0025 
 
*Analysed using spectrometer at NMMU using B.S. 6418 
**As per material certificate from Eriger (Pty.) Ltd. 
 
Table 2 – FTSW material, parameter combinations and process responses 
Weld parameter 1 2 3 4 
Weld coupon material (parent plate side) 14MoV63 14MoV63 14MoV63 14MoV63 
Stud material 13CrMo45 13CrMo45 13CrMo45 10CrMo910 
Input rotational speed (rpm) 5000 5000 5000 5000 
Max measured downwards force (kN) 11.5 17.4 22.0 21.7 
Input weld plunge depth (mm) 4 4 4 4 
Measured total plunge depth (mm) 4.6 4.7 4.5 4.4 
Weld time (sec) 21.5 14.6 13.3 19.3 
Total energy input (kJ) 108 102 96 129 
Average energy input rate (kJ/s) 5.02 6.99 7.22 6.68 
 
A research platform has been built by the NMMU to conduct FTSW trials with rotational 
speed and force capabilities of 6000rpm and 40kN respectively, as shown in Fig. 4. A 
purpose-built loadcell was coupled to the platform which measures the torque response 
 256 
 
and verifies the force of each weld. A completed FTS weld is shown in Fig. 5. The 
geometry of the tapered hole and consumable stud used for all tests in this paper were 
based on previous 10CrMo910 FTS welds and are shown in Fig. 6. The chemical 
compositions of the 14MoV63 parent plate, weld metal and stud materials used in this 
research are shown in Table 1.  
 
An initial 3-weld test matrix was conducted to determine the effect of downwards force on 
the bond quality of each FTS weld using 13CrMo45 stud material which almost matches 
the 14MoV63 parent plate, the parameters of which are shown in Table 2. The best 
downwards force was then selected and repeated using a 10CrMo910 stud which better 
matches the chemical composition of the weld metal. The forge force was kept constant 
while a preheat temperature of between 204ºC and 250ºC specified for the material was 
used for all welds. The torque responses of all welds were recorded and the energy inputs 
calculated as explained in section 3.1.   
 
Each weld was sectioned for metallographic analysis which included macrostructure, 
Vickers’ microhardness and microstructure. A hardness test was performed on each 
sample in the as-welded state with indentations made at four different horizontal levels 
below the surface of the sample using a load of 300gf at 15 seconds, as shown in Fig. 7. 
The best weld was then subjected to Post Weld Heat Treatment (PWHT) and the 
microstructure and hardness was re-analysed.  
 
 
Fig. 4 – Friction welding platform designed and built at eNtsa 
Friction welding platform 
 
Tapered consumable stud 
 
Test block 
 
Loadcell  
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Fig. 7 – Positions of hardness indentations  
 
3. Results and discussion 
 
3.1 Torque data and process analysis 
 
The torque responses of each weld were recorded at 100Hz and are shown in Fig. 8a-d. 
The downwards force of welds 1 – 3 were increased in 5kN increments from 12kN to 
22kN. These forces were chosen based on previous FTS welds conducted on other 
chrome-molybdenum steels. All welds show an initial torque peak such as experienced 
with rotary friction welding [10], which is termed the 1st stage torque, within the first 
second of welding followed by a sudden drop and an increase to a second peak at about 
2 seconds, and finally a gradual degradation towards the end of the weld. A final brief 
torque peak occurs as rotation halts which is also observed with rotary friction welding, 
known as the 4th stage of torque. The general shape of the torque curve is similar to those 
which were observed by Hattingh et al [8]. For example, weld 3 shows a distinct build-up 
0m
m 
 Fig. 6 – Test block hole and consumable stud geometry 
 
Fig. 5 – Completed FTS weld 
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and a sudden drop known as the heating dominated phase, a heat-shear transition phase 
and a final degradation in torque known as the shear dominated phase. The other welds 
do not show this trend as clearly which may be due to a difference in material or 
geometry. The 1st stage torque was not always observed in [8] but this may be due to a 
sample rate of only 1 second whereas it was observed with welds 1 – 4 within 0.36 
seconds of welding. 
 
Table 3 compares the input downwards force and the actual measured downwards force 
to the maximum 1st stage torque values at the same time interval. Due to force control 
time delays full force is only achieved after roughly 4 seconds for each weld. The 1st stage 
torque peak decreases with input downwards force and the time taken to reach this peak 
also decreases with welds 1, 2 and 3. This is contrary to what is known about friction 
welding where normally an increase in downwards force produces a corresponding 
increase in torque [10]. Under closer inspection, the actual measured forces 
corresponding to these torque peaks actually decreased from welds 1 – 3. So, although 
the times taken to reach the peaks decreased due to a steeper time/force gradient, the 
actual measured forces are lower with increases in input downwards force. Therefore, the 
magnitude of these peaks did indeed increase with force. Weld 4 showed a similar 
response time and torque magnitude to weld 3 which may suggest that the 1st stage 
torque does not vary much with consumable stud material. 
 
Table 4 shows the magnitudes of the second torque peaks compared to the input 
downwards force and the actual measured downwards force at the same time interval. 
The second peak is almost non-existent, and hence difficult to identify at 12kN, but 
becomes more pronounced at 17-22kN. The second peak increases in magnitude but the 
amount of time taken to reach this peak appears to decrease. It is known that higher 
forces decrease the time taken to reach this torque peak [8], so should therefore reach the 
second peak sooner as shown in welds 2 & 3, although weld 1 took slightly longer to 
reach the torque peak than weld 2, the second peak is more difficult to identify. Also, the 
torque measured just preceding the termination of rotation all show an increase in torque 
with an increase in force as expected. Despite exhibiting a higher downwards force than 
weld 3, weld 4 shows a significantly lower second peak torque value. The higher levels of 
chromium and molybdenum of the 10CrMo910 stud material used for weld 4 appear to 
produce a lower, more stable torque response than weld 4. 
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Fig. 8 – Process torque responses of welds 1-4 
 
Table 3 – Measured maximum torque responses during the first stage of welding 
Measured response Weld 1 Weld 2 Weld 3 Weld 4 
Elapsed time (sec) 0.36 0.20 0.14 0.18 
Torque (Nm) 19.5 17.5 15.5 15.8 
Input weld force (kN) 12 17 22 22 
Downwards force at elapsed time (kN) 4.8 3.0 2.5 3.1 
 
Table 4 – Measured maximum torque responses during the second stage of welding 
Measured response Weld 1 Weld 2 Weld 3 Weld 4 
Elapsed time (sec) 2.04 2.16 1.70 2.00 
Torque (Nm) 12.2 20.8 22.3 15.5 
Input weld force (kN) 12 17 22 22 
Downwards force at elapsed time (kN) 11.0 15.7 18.2 19.6 
 
At 17kN and 22kN, the torque is much more erratic than at 12kN with a second peak that 
is higher in magnitude than the 1st stage torque, whereas at 12kN it is the highest 
(excluding the braking torque as rotation halts). The second peak is likely due to an 
increase in frictional interface area. In contrast to weld 3, weld 4 has a more stable torque 
response with the 1st stage torque being higher than the second peak, even though the 
forces used are very similar. The weld times for welds 1 – 3 decrease with an increase in 
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force, which is expected, however, weld 4 took some 6 seconds longer than weld 3 to 
reach the required plunge depth. This is likely due to the chemical composition of the stud 
used. Welds 1 – 3 used 13CrMo45 stud material, whereas weld 4 used 10CrMo910 stud 
material. Most elements used for the two types of studs are almost identical but the two 
elements that are significantly different are the Chromium and Molybdenum with 
10CrMo910 having roughly double of each as shown in Table 1. Chromium is known to 
increase the hardenability and strength of steel while Molybdenum increases the high 
temperature strength and hardness eg. [11]. Combinations of both elements would then 
likely increase the time taken to complete the weld, despite having similar yield strengths. 
Since shear can only occur when the shear stress of the stud material at a specific 
temperature is reached, the duration of the weld hence increases with these elements. 
The required temperature is only reached locally, so a narrower band of stud material 
reaches its shear strength which causes shear to occur closer to the frictional interface. 
This effectively slows down the rate of the stud material that is consumed and prolongs 
the duration of the weld. 
 
The mechanical energy input for each weld was calculated as shown in Equation 1. 
Measuring torque was suggested by Pinheiro as a means to calculate the energy input 
and monitor weld quality [12]. The form of the calculation follows basic rotational power 
formulas, the product of which when multiplied with the sample time interval, yields the 
energy input for the given time interval. The total energy input is the sum of all the 
individual energy inputs for the duration of the weld. Dividing the total energy input with 
the total weld time taken gives an average power input as shown in Equation 2. Increasing 
the downwards force increases the energy input rate but decreases the total energy input 
as seen with welds 1 – 3, as shown in Table 2. This is an expected outcome as stated by 
Meyer [9]. However, changing the stud material from 13CrMo45 to 10CrMo910 decreases 
the energy input rate but increases the total energy input by virtue of the fact that the weld 
duration increased by some 45%. Rotation is maintained by a servo motor which attempts 
to maintain a constant rotational speed. Due to the fluctuating resistance to frictional 
rubbing and mechanical shear, the input power varies throughout the duration of the weld. 
It takes less energy to cause frictional rubbing between two interfaces than to produce 
plastic shear or seizure of a component. With rotary friction welding, an initial torque peak 
is divided into a wear stage and a seizure stage [10] [13]. At the transition between the 
two stages, the torque suddenly increases significantly. Therefore, assuming the rotation 
to be constant, this indicates that seizure or shear requires more energy than frictional 
rubbing or wear. Therefore, the energy input rate of weld 4 decreases if frictional rubbing 
 261 
 
is more prevalent than with weld 3. As stated above, a higher temperature is needed to 
produce shear, so more frictional heating is needed before shear can occur. 
 
Equation 1 – Mechanical energy input calculation 
                                   
                            
    
  
                
Where: 
Energy input (J) 
Power (J/sec) 
Time interval (sec) 
N = rotational speed (rpm) 
T = process torque (Nm) 
 
 
Equation 2 – Average energy input rate 
                          
                  
              
 
Where: 
Energy input rate (J/sec) 
Energy input (J) 
Weld time (sec) 
 
3.2 Weld macrostructure and microstructure 
 
Each FTS weld was etched in a 2% Nital solution to reveal the microstructure, an example 
is shown in Fig. 9. Under macroscopic inspection there were no defects observed in any 
of the welds. One worrisome feature observed with weld 1 which uses a 12kN downwards 
force, however, is the irregular secondary flash formation, as shown in Fig. 10a. Past 
experience has shown that if insufficient secondary flash is formed in a specific region at 
the circumference of the weld, there is often a corresponding lack of fusion along the hole 
interface directly below. So, although the chosen sectioned plane may show adequate 
fusion, there may be lack of fusion defects elsewhere along the hole interface. Such a 
region is indicated by an arrow in Fig. 10a with no secondary flash observed. In contrast 
weld 3, which uses a 22kN downwards force, shows a much more regular secondary 
flash formation as shown in Fig. 10b. This indicates that a higher force is desired. Weld 4, 
which uses a very similar force, shows the best flash formation as shown in Fig. 10c. 
Therefore, relatively high downwards forces and 10CrMo910 stud material are desired for 
FTS welding of 14MoV63 pipes and the associated weld metal. 
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A microstructural evaluation revealed certain defects in the FTS welds which utilized 
13CrMo45 stud material (welds 1 – 3). Fig. 9 shows the positions of the defects, marked 
1, 2 & 3, while examples of these defects are shown in Fig. 11a-c. A porosity type defect 
was observed along the final shear interface near to the top surface of the weld in position 
1, as shown in Fig. 11a. In some cases this defect is situated below the top surface and 
would not be removed when the consumable stud and flash material is dressed back, and 
is therefore detrimental to the weld integrity. A larger forging load, however, would likely 
mitigate this defect as increased pressure would better consolidate the consumable stud 
material above the final frictional interface and the previously deposited material.    
 
A more critical defect, however, is porosity observed along the bottom fillet of the hole on 
both the 14MoV63 parent material side and the weld metal side (indicated as position 2 
and position 3 respectively), as shown in Fig. 11b & c respectively. It was observed that 
increasing the downwards force appears to eradicate porosity along the weld metal side 
but not on the 14MoV63 side.  
 
 
Fig. 9 – Macrograph of a typical FTS weld showing the positions of typical defects 
 
Fig. 10 – Flash formations of a) weld 1, b) weld 3 and c) weld 4 
Weld 
metal 
14MoV6
3 
1 
2 3 
ii 
i 
b) a) c) 
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Replacing the 13CrMoV63 consumable stud material with 10CrMo910, such as in weld 4, 
eradicates porosity along the bond line, even along the bottom fillet. One feature that was 
observed, however, is a band of ferrite along the bottom fillet on the fusion weld metal 
side (position 3), as shown in Fig. 12, which also occurs along the hole bottom surface. 
This appears to be 14MoV63 parent plate which has been entrained with the plasticised 
10CrMo910 stud material, as a similar phase occurs just outside the bond line of the 
14MoV63 parent plate. Hardness measurements showed that this band is somewhat 
softer than the surrounding material which further suggests that it consists of 14MoV63 as 
it is softer than the fusion weld metal. 
 
Fig. 13 shows the same region of weld 4 after PWHT. The grains have become more 
homogenised but there is still a variation in the grain size across the weld interface. The 
previous ferritic phase found along the bottom fillet has largely been homogenised into the 
surrounding microstructure. This would indicate that this feature is not problematic.  Fig. 
14 and Fig. 15 show that the microstructure of the HAZ on the weld metal side (Fig. 9, 
position i) has become more homogenised than the HAZ on the 14MoV63 side (Fig. 9, 
position ii). This is mirrored by the hardness profile across weld 4 after PWHT as shown 
in Fig. 18 where, apart from one indentation, all values are below 250HV on the HAZ of 
the weld metal side compared to four measurements above 250HV on the 14MoV63 
parent material side. Therefore it would appear that PWHT was more effective on the weld 
metal side than the parent plate side.  
 
      
 
b) a) 
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Fig. 11 – Typical defects observed with FTS using 13CrMo45 consumable studs as shown 
in Fig. 9, a) position 1, b) position 2, c) position 3 (50x) 
 
      
 
 
 
 
 
      
 
     
 
 
  
c) 
Fig. 12 – Weld 4 which uses a 
10CrMo910 consumable stud showing a 
ferritic microstructure observed in position 
1 (500x) 
 
Fig. 13 – Weld 4 showing the same 
position as shown in Fig. 12 after PWHT 
(50x) 
 
Fig. 14 – Weld 4 bond line on weld metal 
side after PWHT observed in position i 
(50x) 
 
Fig. 15 – Weld 4 bond line on 14MoV63 
parent plate side after PWHT observed in 
position ii (50x) 
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3.3 Weld hardness 
 
Fig. 16 shows the hardness of weld 3 while Fig. 17 shows the hardness of weld 4, both in 
the as-welded condition. Both welds show similar hardness’s in the FTS welds’ HAZ but 
whereas weld 3 shows stud material hardness’s well below 400HV, weld 4 shows stud 
material hardness’s of well above 400HV. Indeed the average of all stud material 
hardness values of weld 3 and weld 4 are 307HV and 380HV respectively. Both welds 
use almost identical welding parameters so therefore the difference in the amounts of 
chromium and molybdenum of the stud materials must account for the variation in 
hardness values as both elements increase the hardenability of steel.  
 
Fig. 18 shows the hardness of weld 4 after PWHT. The hardness of the stud material and 
the HAZ on the weld metal side has almost been reduced to a range similar to the 
previous weld metal hardness. A hardness profile was conducted on a weld metal parent 
sample which exhibited an average hardness of 237HV with a total variance of between 
213HV and 262HV. It should be noted however, that the 10CrMo910 parent material 
hardness is about 180HV, so therefore the 10CrMo910 stud material hardness has not 
been completely restored. On the 14MoV63 parent plate side, the HAZ still shows similar 
values to the hardness measurements taken before PWHT. The average parent material 
hardness of 14MoV63 was 157HV with a total variance of between 153HV and 161HV. 
This indicates that PWHT has not completely tempered the FTS weld HAZ on the 
14MoV63 parent material side. 
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Fig. 16 – Horizontal hardness profile of weld 3 
 
 
Fig. 17 – Horizontal hardness profile of weld 4 in the as-welded condition 
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Fig. 18 – Horizontal hardness profile of weld 4 after PWHT  
 
4. Discussion 
 
 All welds showed an increase in 1st stage torque peak values, followed by a 
sudden drop and a build-up to a second peak, and a gradual degradation towards 
the end of rotation. Increases in downwards force increased the torque response 
and produced more erratic torque. 
 Increases in downwards force produced an increase in energy input rate but 
showed a decrease in total energy input. Changing the consumable stud material 
from 13CrMo45 to 10CrMo910 increased the total weld time by some 6 seconds 
and therefore increased the total energy input. 
 Increasing the downwards force produced more axis-symmetrical secondary flash 
formation and less porosity along the bond line. Changing the consumable stud 
material from 13CrMo45 to 10CrMo910 significantly reduced the amount of defects 
along the bond line. 
 10CrMo910 consumable stud material produced a significantly harder weld nugget 
than 13CrMo45.  
 PWHT reduced the hardness of the HAZ on the weld metal side and the stud 
material to roughly the same magnitude as the weld metal before FTS welding. 
The hardness of the HAZ on the 14MoV63 side was not significantly reduced. This 
was mirrored by a more homogenous microstructure across the bond line on the 
weld metal side than across the 14MoV63 side.  
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 Fairly satisfactory welds can be achieved at 22kN, 5000rpm and 4mm plunge 
depth using a 10CrMo910 consumable stud. 
 
Although the results in this paper are promising this is only a feasibility study. A full 
range of parameters would need to be tested to identify the true optimum condition. In 
addition, a more comprehensive study consisting of mechanical testing is required to 
fully understand the performance of a welded joint. This would typically include tensile, 
bend and fatigue testing.  
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APPENDIX C: Paper presented at the Ferrous and Base 
Metals Development Network Conference 2012 
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APPENDIX D: Hole and stud preparation drawings 
 
APPENDIX D-1: FHPP weld coupon dimensions 
The overall dimensions of the weld coupons used for all tests in this study are 
shown below. The detail views “B” for each hole taper angle are shown in 
APPENDIX D-2, 3 & 4 for the 15°, 20° and 25° hole taper angles respectively with 
the stud dimensions for each of the taper angles used. The standard geometry 
welds consist of the 20° hole taper angle coupons and the 15° studs shown in 
APPENDIX D-3. The hole dimensions for the 10mm, 11mm and 12mm hole base 
diameter coupons are shown in APPENDIX D-5 along with the standard geometry 
stud used. 
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APPENDIX D-2: Dimensions of the 15° holes and the 7.5°, 11° and 13° studs 
 
 
 
  
15° hole taper angle 
13° stud taper angle 
11° stud taper angle 
7.5° stud taper angle 
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APPENDIX D-3: Dimensions of the 20° holes and the 10°, 15° and 17° studs 
 
 
 
15° stud taper angle 
17° stud taper angle 
10° stud taper angle 
20° hole taper angle 
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APPENDIX D-4: Dimensions of the 15° holes and the 12.5°, 19° and 21° 
studs 
 
 
 
 
12.5° stud taper angle 
19° stud taper angle 
21° stud taper angle 
25° hole taper angle 
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APPENDIX D-5: Dimensions of the 10mm, 11mm and 12mm hole base 
diameters and the 15° stud 
 
 
 
  
10mm hole base diameter 
11mm hole base diameter 
12mm hole base diameter 
15° stud taper angle 
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APPENDIX E: Summary of tensile and fatigue sample 
geometries 
 
APPENDIX E-1: Summary of tensile sample geometries 
The tensile sample geometries are summarised with the geometrical features 
indicated in the Figure. The geometrical feature “D” represents the original hole 
diameter of the prepared hole before welding. 
 
Geometrical 
variation 
Sample 
position  
L 
(mm) 
W 
(mm) 
A 
(mm) 
D 
(mm) 
C 
(mm) 
B 
(mm) 
R 
(mm) 
T 
(mm) 
Standard 
geometry (20° 
hole taper angle) 
Top  120 26.6 61.2 21.3 30.0 20 25 4 
Middle  120 22.6 52.0 18.1 26.0 20 25 4 
Bottom  120 18.7 42.9 14.9 22.0 20 25 4 
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APPENDIX E-2: Summary of fatigue sample geometries 
The fatigue sample geometries are summarised with the geometrical features 
indicated in the Figure. The geometrical feature “D” represents the original hole 
diameter of the prepared hole before welding. 
 
Geometrical 
variation 
Sample 
position  
L 
(mm) 
W 
(mm) 
A 
(mm) 
D 
(mm) 
C 
(mm) 
B 
(mm) 
r 
(mm) 
R 
(mm) 
T 
(mm) 
Standard 
geometry (20° 
hole taper angle) 
Top  120 26.6 34.0 21.3 30.6 20 2.0 23.0 4 
Middle  120 22.6 28.9 18.1 26.0 20 1.7 25.6 4 
Bottom  120 18.7 23.8 14.9 21.5 20 1.4 28.1 4 
15° hole taper 
angle matrix 
Top  120 24.3 31.0 19.4 27.9 20 1.8 24.5 4 
Middle  120 21.3 27.2 17.1 24.5 20 1.6 26.4 4 
Bottom  120 18.4 23.4 14.7 21.1 20 1.4 28.3 4 
20° hole taper 
angle matrix 
Top  120 26.6 34.0 21.3 30.6 20 2.0 23.0 4 
Middle  120 22.6 28.9 18.1 26.0 20 1.7 25.6 4 
Bottom  120 18.7 23.8 14.9 21.5 20 1.4 28.1 4 
25° hole taper 
angle matrix 
Top  120 29.0 37.0 23.2 33.3 20 2.2 21.5 4 
Middle  120 24.0 30.6 19.2 27.6 20 1.8 24.7 4 
Bottom  120 19.0 24.3 15.2 21.9 20 1.4 27.9 4 
11mm hole base 
diameter 
Top  120 27.9 35.6 22.3 32.0 20 2.1 22.2 4 
Middle  120 23.9 30.5 19.1 27.5 20 1.8 24.8 4 
Bottom  120 19.9 25.4 15.9 22.9 20 1.5 27.3 4 
12mm hole base 
diameter 
Top  120 29.1 37.2 23.3 33.5 20 2.2 21.4 4 
Middle  120 25.2 32.1 20.1 28.9 20 1.9 24.0 4 
Bottom  120 21.2 27.0 16.9 24.4 20 1.6 26.5 4 
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APPENDIX F: Statistical evaluation and regression model 
information 
APPENDIX F-1: Summary of process parameter and geometry statistical 
analysis for the hole taper angle matrix 
Average energy input rate  
Average energy input 
(kJ/s) 
b* b p-value Lower 95% Upper 95% 
Intercept  4.395033 4.92E-51 4.070171 4.719896 
Downward Force (kN) 0.983829 0.155057 1.76E-73 0.148092 0.162021 
Hole Taper Angle (°) -0.076106 -0.0255 0.010436 -0.04491 -0.0061 
Stud Taper Angle (°) 0.014373 0.005016 0.618014 -0.01486 0.02489 
R=0.972471, R
2
=0.9457, Adjusted R
2
=0.944271, Standard Error of estimate: 0.290078 
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Total energy input 
Total energy input 
(kJ) 
b* b p-value Lower 95% Upper 95% 
Intercept  149.9167 7.07E-31 131.3323 168.501 
Downward Force (kN) -0.55195 -3.30467 7.65E-32 -3.70307 -2.90626 
Hole Taper Angle (°) 0.523606 6.665832 1.04E-21 5.555941 7.775723 
Stud Taper Angle (°) 0.403634 5.351495 1.04E-15 4.214575 6.488414 
R=0.93641, R
2
=0.87687, Adjusted R
2
=0.87363, Standard Error of estimate: 16.59446 
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Weld time  
Weld time (sec) b* b p-value Lower 95% Upper 95% 
Intercept  37.23982 9.41E-35 32.96752 41.51213 
Downward Force (kN) -0.87392 -1.202 2.49E-53 -1.29095 -1.11305 
Hole Taper Angle (°) 0.339002 1.028791 9.25E-13 0.773023 1.28456 
Stud Taper Angle (°) 0.196096 0.615639 7.43E-06 0.355201 0.876076 
R=0.934356, R
2
=0.873021, Adjusted R
2
=0.869949, Standard Error of estimate: 3.851933 
 
  
 
 
  
 287 
 
Temperature (2.5mm) 
Temperature  at 
2.5mm (°C) 
b* b p-value Lower 95% Upper 95% 
Intercept  878.8092 1.93E-17 774.8756 982.7428 
Downward Force (kN) 0.013487 0.100662 0.921715 -1.97147 2.172793 
Hole Taper Angle (°) -0.419043 -6.68486 0.023488 -12.4063 -0.96347 
Stud Taper Angle (°) 0.831080 13.43178 4.71E-05 7.634364 19.22919 
R=0.65258, R
2
=0.425861, Adjusted R
2
=0.370299, Standard Error of estimate: 48.54523 
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Temperature (11.5mm) 
Temperature  at 
11.5mm (°C) 
b* b p-value Lower 95% Upper 95% 
Intercept  518.1234 1.26E-13 433.4544 602.7925 
Downward Force (kN) 0.661568 4.999754 1.09E-06 3.311701 6.687808 
Hole Taper Angle (°) 0.240139 3.879125 0.099636 -0.78178 8.540033 
Stud Taper Angle (°) 0.235704 3.8574 0.105832 -0.86544 8.580238 
R=0.792715, R
2
=0.628397, Adjusted R
2
=0.592435, Standard Error of estimate: 39.54716 
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Temperature (20.5mm) 
Temperature  at 
20.5mm (°C) 
b* b p-value Lower 95% Upper 95% 
Intercept  547.759 3.64E-16 477.4405 618.0776 
Downward Force (kN) 0.627758 3.3053 4.9E-05 1.880197 4.730403 
Hole Taper Angle (°) -0.1008 -1.10629 0.560486 -4.94434 2.731746 
Stud Taper Angle (°) 0.31441 3.498072 0.076379 -0.39428 7.390427 
R=0.688284, R
2
=0.473734, Adjusted R
2
=0.421108, Standard Error of estimate: 32.50265 
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APPENDIX F-2: Summary of energy input regression for the hole taper 
angle matrix 
Total energy input 
(kJ) 
b* b p-value Lower 95% Upper 95% 
Intercept  149.9167 7.07E-31 131.3323 168.501 
Downward Force (kN) -0.55195 -3.30467 7.65E-32 -3.70307 -2.90626 
Hole Taper Angle (°) 0.523606 6.665832 1.04E-21 5.555941 7.775723 
Stud Taper Angle (°) 0.403634 5.351495 1.04E-15 4.214575 6.488414 
R=0.93641, R
2
=0.87687, Adjusted R
2
=0.87363, Standard Error of estimate: 16.59446 
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APPENDIX F-3: Summary of fatigue life regression for the hole taper angle 
matrix 
Fatigue life (cycles) b* b p-value Ranking  Upper 95% Lower 95% 
Intercept  -27090.6 6.795E-01  -157203 103022.7 
Downward Force (kN) 3.205407 16384.7 1.647E-05 2 9298.00 23471.37 
Hole Taper Angle (°) -1.26022 -12661.9 1.293E-04 4 -18909.8 -6414.04 
Stud Taper Angle (°) 0.260517 2704.71 1.498E-02 5 541.01 4868.42 
DF^2 -4.51163 -452.904 3.489E-10 1 -577.76 -328.050 
DF*HTA 2.203256 426.741 2.910E-04 3 203.10 650.379 
R=0.7342008, R
2
=0.5390507, Adjusted R
2
=0.5083208, Standard Error of estimate: 28094.97 
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APPENDIX F-4: Summary of process parameter and geometry statistical 
analysis for the hole diameter matrix 
Average energy input rate 
Average energy input 
(kJ/s) 
b* b p-value Lower 95% Upper 95% 
Intercept  0.884909 0.177847 -0.4175 2.187317 
Downward Force (kN) 0.942126 0.141159 1.92E-34 0.133325 0.148992 
Hole Diameter (mm) 0.128217 0.32104 1.17E-05 0.190131 0.451949 
R=0.9863, R
2
=0.9728, Adjusted R
2
=0.9715, Standard Error of estimate: 0.2059 
 
  
Total energy input 
Total energy input 
(kJ) 
b* b p-value Lower 95% Upper 95% 
Intercept  63.78918 0.24866414 -46.176 173.7544 
Downward Force (kN) -0.80443 -2.87958 3.21E-11 -3.54098 -2.21819 
Hole Diameter (mm) 0.484684 28.9947 3.72E-06 17.94174 40.04765 
R=0.8215, R
2
=0.6601, Adjusted R
2
=0.6447, Standard Error of estimate: 17.387 
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Weld time 
Weld time (sec) b* b p-value Lower 95% Upper 95% 
Intercept  60.71959 2.75E-13 48.40185 73.03734 
Downward Force (kN) -0.96003 -1.109 6.53E-26 -1.21645 -1.00155 
Hole Diameter (mm) 0.042928 0.562762 0.358269 -0.65669 1.782219 
R=0.9498, R
2
=0.9021, Adjusted R
2
=0.8981, Standard Error of estimate: 2.9119 
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APPENDIX F-5: Summary of total energy input regression for the hole 
diameter matrix 
Total energy input 
(kJ) 
b* b p-value Lower 95% Upper 95% 
Intercept  63.78918 0.24866414 -46.176 173.7544 
Downward Force (kN) -0.80443 -2.87958 3.21E-11 -3.54098 -2.21819 
Hole Diameter (mm) 0.484684 28.9947 3.72E-06 17.94174 40.04765 
R=0.8215, R
2
=0.6601, Adjusted R
2
=0.6447, Standard Error of estimate: 17.387 
 
  
 
 
 
  
 
 
 
